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Message from the Chairman 


A major portion of the operation of the PGMTT rests each year upon several editors, 
committee chairmen and other individuals. While it has not been customary to honor them 
with any special recognition, we wish to take this opportunity to identify them to express 
appreciation for their generous contribution of time and effort. 


Editors 

Editor of the TRANSACTIONS Donald D. King 
(Effective January 1, 1959) 

Advertising Editor Tore N. Anderson 
Newsletter Editor Gustave Shapiro 

Commuttees 
Annual Review Committee (Chairman unannounced) 
Awards Committee William W. Mumford 
Meetings Committee Arthur A. Oliner 
Membership Committee Richard F. Schwartz 
Nomination Committee Alfred C. Beck 
Sectional Activities Committee Tore N. Anderson 

Tasks 
Constitution and By-Laws Herbert F. Engelmann 
Foreign Distribution of TRANSACTIONS Arthur A. Oliner 
National Convention Record Gustave Shapiro 
WESCON Seymour B. Cohn 


THEODORE S. SAAD, Chairman 
PGMTT Administrative Committee 
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Wilbur L. Pritchard 


Wilbur L. Pritchard (A’45—M’48-SM’52) was 
born in New York, N. Y., on May 31, 1923. He re- 
ceived the B.E.E. degree in 1943 from the College 
of the City of New York. From 1948 to 1951 he was 
gaged in part-time graduate study at the Massa- 
chusetts Institute of Technology. 

He was a junior engineer with Philco Radio and 
Television Corporation from 1943 to 1946 and 
worked on the development of airborne radar equip- 
ment, home radios, and phonographs. In 1946 he 
joined Raytheon Manufacturing Company as a 
senior engineer. He was promoted to section mana- 


ger of the Microwave Section in 1949, and in 1954 
became manager of the Microwave-Transmitter 
Branch. Since 1958 he has been manager of the Sur- 
face Radar Department, which is responsible for 
the design, development, and release to production 
of ground-based and marine radar equipment. 

Mr. Pritchard has published several articles 
covering such topics as filters, echo boxes, micro- 
wave receivers, and magnetron operation. He is 
a past chairman of the EIA Waveguide Commit- 
tee, and a member and past chairman of the Ad- 
ministrative Committee of PGMTT. 


4 IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


January 


Education and Science in a Mature Society 
WILBURSE: PRITCHARD 


thinking Americans has evolved extensive criti- 
cism of our educational system. 

On the one hand, just after the war the criticism was 
engendered largely by the apparent political naivete of 
some engineers and scientists. This unawareness on their 
part contributed to several unfortunate incidents and 
made the public sensitive to the need for political and 
cultural sophistication on the part of scientists. Our pro- 
fessional schools were criticized freely for providing cur- 
ricula so narrowly technical that they did not produce 
wholly educated people. This criticism was just. No one 
disputes the need for broad education in scientific and 
engineering schools. 

On the other hand, the onset of the space age and its 
implications have pointed up the need for ever-increas- 
ing numbers of scientists and engineers; now the criti- 
cism of our schooling system is driving us towards in- 
creasing the number and quality of technically trained 
people. But the full realization of new technological 
standards in education cannot come about without some 
infusion of science into the political influences that de- 
termine our standards of education. 

Recent criticism has been along the lines that our 
modern educators have gone too far in the direction of 
permissive schooling, that we have departed from rigor- 
ous discipline and have been victimized by “progres- 
sive” educators. Unquestionably some of this is true 
now, as it has always been. However, if we revert to the 
criticism of ten years ago, centering about the lack of 
political education among scientists, we find that it was 
not at all accompanied by a criticism of the lack of scien- 
tific education among politicians, although it must be 
fairly obvious that such a lack would undermine the 
basis of improvement of the scientific status of the com- 
munity. 

It seems to be a fact that most of our political leaders, 
both domestic and international, have educational back- 
grounds in liberal arts, economics, law, and the social 
sciences. A cursory look at the curricula for these 
courses, even in the best schools, for both undergradu- 
ate and graduate work, shows an appalling lack of sci- 
ence. Remember that technology is a dominant key in 
modern society. And yet, we educate people ultimately 
to become leaders of this society with no more scientific 


Dy recent years self-examination by many 


{ Raytheon Mfg. Co., Wayland, Mass. 


knowledge than is included in a one or two-semester 
“survey” course. As a result, they never develop the 
slightest understanding of either the aims of scientific 
research or the methods of engineering development. 

Consider the plight of an administrator, a business 
executive or legislator, making decisions or voting on 
policy questions of dramatic consequence to the whole 
nation, although not equipped to understand even the 
simplest scientific or engineering problem. How much 
postwar major international policy was predicated on 
the assumption that nuclear weapon development was 
based on “secret” processes. This happened despite the 
frequent assertions of scientists that there was no “se- 
cret,” and that one nation could duplicate the perform- 
ance of another in a short time. They were ignored under 
the popular assumption that since scientists were un- 
educated politically, politicians were, perforce, well 
educated technically. 

There is no intent to apply this criticism solely to 
people concerned with public affairs. As a matter of fact, 
legislators, administrators, and businessmen reflect the 
prevalent opinions of the public more often than not, 
and this is as it should be in a democratic country. Un- 
fortunately this public opinion is often uninformed, or 
worse, misinformed. Lay concepts of science are too fre- 
quently based on the Hollywood picture. 

All this means that the situation must be corrected 
at its source. A sharp increase is called for in the amount 
of scientific education in a general curriculum. A high- 
school physics course or one year of college chemistry 
and no mathematics do not provide sufficient educa- 
tional breadth to prepare a man for intelligent political 
or business management. 

Worse, an alarming number of our present educators, 
by virtue of their own inadequate elementary scientific 
training, are perpetuating these standards for our next 
era of educators! This degenerative chain must be 
broken. 

The civilization and maturity of a future society will 
depend not on having a swarm of trained robot scien- 
tists at the disposal of a nontechnical directorate, but 
on a blending of the goals of technology and political 
and social science. This will be achieved only as a result 
of a mutual appreciation, stemming from a common 
educational background, that provides a sound scien- 
tific understanding in addition to an awareness of po- 
litical and social responsibility. 
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Foreword 


LANS for the 1958 PGMTT National Symposium 
Perc during August, 1957 with a decision by the 

San Francisco Chapter of the PGMTT to try to 
hold the Symposium on the West Coast. Preliminary 
inquiry indicated that Stanford University would be 
willing to provide the facilities. Subsequent endorsement 
of the plan was given by the San Francisco Section of 
the IRE, the PGMTT Administrative Committee, and 
IRE Headquarters. The PGMTT Administrative Com- 


“mittee assumed financial responsibility and approved 


A. L. Aden as Symposium Chairman. It also approved 
a list of names submitted as candidates for the Sym- 
posium Steering Committee. As a policy guideline it was 
suggested that the scope of the Symposium be expanded 
to include all fields of interest to the PGMTT. 

The Steering Committee was formed comprising the 
eleven members listed with representation from the 
PGMTT Administrative Committee, the San Francisco 
Section of the IRE, the San Francisco Chapter of the 
PGMTT, the two major universities in the area, the pre- 
vious year’s Symposium Chairman, and local industry. 


Steering Committee 


A. L. Aden, Sylvania Microwave Physics Laboratory, 
Mountain View, Calif. 

T. N. Anderson, Airtron, Inc., Linden, N. J. Ex-officio 
member, Chairman, 1957 Annual PGMTT Meet- 
ing. 

S. B. Cohn, Stanford Research Institute, Menlo Park, 
Calif. 

W. A. Edson, General Electric Microwave Labora- 
tory, Palo Alto, Calif. 

H. Heffner, Stanford University, Stanford, Calif. 

P. D. Lacy, Hewlett-Packard Company, Palo Alto, 
Calif. 

J. L. Melchor, Microwave Engineering Laboratories, 
Palo Alto, Calif. 

T. Moreno, Varian Associates, Palo Alto, Calif. 

W. H. Thon, Sylvania Microwave Tube Laboratory, 
Mountain View, Calif. 

K. Tomiyasu, General Electric Microwave Labora- 
tory, Palo Alto, Calif. 


J. R. Whinnery, University of California, Berkeley, 
Calif. 


The Steering Committee formulated the general plans 
and appointed a five-man Symposium Committee con- 
sisting of the following chairmen: 


A. L. Aden—Symposium 

K. Tomiyasu— Technical Program 

T. Moreno—Finance 

G. H. Keitel—Publicity 

H. W. Schroeder—Local Arrangements. 


This committee was responsible for the detailed plan- 
ning and organization of the Symposium. 

The Symposium was held at Stanford University on 
May 5-7. The technical program was conducted in 6 
single sessions, with 2 sessions on ferrites, 2 sessions on 
microwave physics, 1 session on microwave techniques, 
and 1 session on microwave filters. There were 6 invited 
papers which were chosen to be tutorial to the topic of 
the session in which they were given. Thirty-three con- 
tributed papers were selected out of 79 submitted. Total 
registered attendance at the Symposium was 437. A 
banquet was held at Rickey’s Studio Inn, Palo Alto, on 
the evening of May 6, with 183 jn attendance. Dr. F. E. 
Terman, Dean of Engineering and Provost, Stanford 
University, presented the keynote address, “Basic Re- 
search in Industry and Education.” The Microwave 
Prize for the best paper published in these TRANSAC- 
TIONS was awarded at the banquet to H. Seidel. 

The large attendance and enthusiastic response to the 
1958 PGMTT National Symposium was most gratifying 
to the Symposium Committee. Thanks are extended to 
many people who helped make this possible. Particular 
acknowledgment is made to Stanford University for 
providing the facilities and for the endorsement by the 
Electrical Engineering Department; to the Steering 
Committee for their guidance and assistance in planning 
the Symposium; and to the PGMTT Administrative 
Committee for their cooperation and support 

A; LADEN 
Chairman, 1958 PGMTT National Symposium 
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Microwave Radiation from Ferrimagnetically Coupled 
Electrons in Transient Magnetic Fields” 
FREDERIC R. MORGENTHALERT 


Summary—Under certain restrictive conditions it appears that 
ferrimagnetically coupled electron spins are capable of coupling en- 
ergy from a transient magnetic field and giving it up in the form of 
microwave radiation. 

This paper analyzes the behavior of the uniform precession of 
motion in ferrimagnetic insulators under the influence of transient 
magnetic fields of changing amplitude and direction. 

The expected radiation power and efficiency are calculated for 
such an oscillator employing yttrium iron garnet. 


INTRODUCTION 


HE transient behavior of ferrimagnetically cou- 

pled electrons in pulsed magnetic fields is of con- 

siderable interest since it has been found that 
under certain conditions such electrons appear capable 
of coupling energy from the field and converting it into 
electromagnetic radiation. R. V. Pound of Harvard 
University has proposed a solid-state ferrimagnetic mi- 
crowave oscillator that would operate as follows. 

A small ferrimagnetic crystal is placed in the mini- 
mum constant magnetac field required for saturation. 
At right angles to this constant field, a large pulsed mag- 
netic field is applied. The electrons previously aligned 
to the constant biasing field will now align themselves 
with the resultant. If the rise time of the pulsed field is 
sufficiently rapid, this realignment will consist of the 
electrons precessing about the larger field, gradually 
spiraling in at a rate dependent upon the damping. This 
damping is due to radiation from the precession and 
heat losses. To be practical, the pulse magnetic rise time 
must be fast compared with the relaxation time con- 
stant of the ferrimagnetic crystal and the latter large 
enough for an appreciable pulse of radiation to result. 
The frequency of the radiated energy depends upon the 
precession frequency of the electrons which is a function 
of the magnitude of the magnetic pulse as given by the 
Larmor relation w= —yyoH where y is the gyromag- 
netic ratio (including g factor) for ferromagnetic elec- 
trons. 

In a private conversation with the author, C. L. 
Hogan postulated that the rise time of the pulsed mag- 


netic field would be critical in another sense as illus- - 


trated in Fig. 1. 

Here the magnetic field is assumed to jump in discrete 
steps (as from Hy to H) during the rise. Originally, the 
electron magnetic moment vector precesses about Hh, 


* Manuscript received by the PGMTT, June 16, 1958; revised 
manuscript received, September 5, 1958. 

t Air Force Cambridge Res. Center, Air Res. and Dev. Com- 
mand, Bedford, Mass. 


generating a cone of small angle. If the jump of the 
magnetic field to Hy occurs when the tip of the vector is 
at x, the small circle is the new precession path; if the 
tip of the vector is at y, the large circle is the precession 
path. It is extremely critical in this example when the 
magnetic field jump occurs, for in the first case the elec- 
tron will have coupled energy to the magnetic field 
whereas in the second case it will have coupled energy 
from the field. The behavior is not quite so obvious when 
the discrete jumps are made continuous and so a theo- 
retical analysis was undertaken. The formulation is for 
an electron interacting with a transient magnetic field of 
changing amplitude and direction but always lying in 
the same plane. 

The problem can be generalized for the field moving 
in three dimensions but this is a needless complexity for 
this application. 


He 


Fig. 1—Magnetization under transient field conditions. 


DIFFERENTIAL EQUATIONS 


A Lagrangian formulation is used to derive the differ- 
ential equations of motion of the magnetization. Fig. 2 
gives the coordinate systems to be used. A spherical 
sample shape is assumed, so that the Kittel frequency 
will be independent of 6. Since demagnetizing effects 
cancel, only a single classical electron spin needs to be 
considered. The electron is considered to be a sphere of 
mass M, containing a charge e, located at the origin. It 
is spinning about a diameter with some radian fre- 
quency @, with an angular momentum Jo, and magnetic 
moment m=YJo (where y~—e/M). The mks system 
of units will be used throughout. 

Reference to the figure shows that x’y’z’ is a moving 
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Fig. 2—Rotating coordinate system. 


coordinate system which rotates so as to have its 2’ axis 
aligned with the instantaneous resultant internal mag- 
netic field H,(t). This resultant is assumed always to 
stay in the yz plane of the fixed coordinate system xyz so 


_ that the angle y(t) between z and 2’ is also in this plane. 


The total kinetic energy of the electron written in 
terms of the moving coordinate system is 


Ih : : 
T= = (6)? + 6) + wo? + (W)? — Daud! cos 6 


+ 2)(6 sin $’ + wo cos ¢’ sin 6’)] (1) 


where Jy is the moment of inertia. The potential energy 
(m-pof) is given by 
V = womH,(t)(1 — cos 6’). (2) 


The Langrangian function is L = T— V. The differen- 
tial equations are given by 


ad /oL OL : 
“(= )-==0. 7=1,2 
dt \ 04; Ogi z 


qa = 0 gq=¢ 


where Q; is a dissipation term. 


It is convenient to break the pulsed magnetic field 


transient into two sections; first a buildup and second a 
constant plateau and decay. The pulses would in prac- 
tice be periodic but are assumed to be separated far 
. enough i in time so that only one need be considered. The 


rise time of the pulse, 7, will be assumed short com- 
pared with the relaxation times involved and so during 
the pulse buildup when y is changing the system will be 


_assumed conservative and Q;=0. 


The differential 
v= —m/ To) 


equations then become (since 


Q’ om. iT 
—— ¢'sin@’ + he sin ¢’ + ¥ cos ¢’ (* — cos ") 


Wo 0 wo 


— povH,(t) sin #’ = 0 (3) 


Said a (6 
— — 0 sin &’ — ¥(| — cos ¢’ — sin 6’ sin ‘') =). (4) 
Wo Wo 

Since wo is very large compared with the various deriva- 
tives it is permissible to approximate the equations as 


6’ + ¥ cos ¢’ cot 0+ poyH,(t) = 0 (5) 
6’ + ¥sin d’ = 0 (sin &’ # 0). (6) 


It is assumed that m is initially aligned with the y axis 
by a constant field (Y=7/2). The initial phase of ¢’ is 
therefore unimportant since m is precessing about the y 
axis with very small cone angle (6’~0). The phase of ¢’ 
can be taken as that value which leads to the easiest 
solution of the differential equations, therefore the ini- 
tial phase is chosen so that cos @¢’ is exactly zero when 
W has its maximum value. Since ~ normally drops rap- 
idly from its maximum value or else never attains a 
large value [compared with poyH,(t)] at all, it is per- 
missible to neglect the Y term in (5). For very small 
values of ¢ the cot 0’ is quite large but the oscillatory 
nature of cos ¢’ prevents any important contribution 
to d’ from being made. The approximation is valid if y 
is never comparable to the precession frequency or if w 
approaches an impulse. Certain intermediate cases may 
require further consideration. 
If the approximation is accepted it follows that 


’ ~~ yuoH,(t) 
6~—ysing 


(7) 
(8) 


and cos @’=0 when ~=wmax. If this maximum occurs 
when t=» then 


t 7 
Pek f pov Eade + 


uo 


and 
y~- J vos] — fe MoyH, (x) fat (CORSE e ye FG) 


The value of 6’ at the end of the transient (¢=T7) is 


given by 
ina fi y cos | - ib. moyH, (ar at 
Example 


Consider a transient such that the magnitude of the 
pulsed field (Ho) is always constant and the angle yp 
changes from y to 0 at a constant rate in time 7. Since 
—y~=yY/T and H(x) =H it follows that 


(10) 
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Wo fe t 
ant f cos ei (—yabtobde at (11) 
We 0 ud 
Since y has its maximum over the whole range of time 
0<t<T it appears that uw is ambiguous. However 
W cot 6’ is a maximum when ¢ is zero. Using this value 
and defining wy = —YuolZo 


wol 


(12) 


67 =~ Wo 


sin wol | 


It is apparent in this case that for 67 to be a large frac- 
tion of Yo, TZ should be short compared with the period 
of precession (27/wo), and not just the relaxation time. 

Actually, because of the approximation involved this 
result is only strictly valid when 7>>0 or when PoKwoT’. 
Nevertheless, the rise time dependence is quite evident. 

The example chosen is instructive but in practice 7 
will never be short compared with the period of preces- 
sion. The problem is not as hopeless as it seems, how- 
ever, because it is possible to change W substantially 
in a small fraction of the rise time, if the pulsing geome- 
try is properly chosen. 


180 DEGREES—a PULSE FIELD GEOMETRY 


Previous considerations have indicated that it is nec- 
essary to have W(t) change very rapidly if 07 is to be an 
appreciable angle. It is apparent that if the pulse field is 
applied at 180 degrees to the saturation field, y(t) must 
be a step function independent of 7. This implies that 
67 would be z radians and that the spins would be given 
the maximum amount of potential energy, independent 
of T (so long as T is short compared with the damping 
time constant). Unhappily this may not be the solution 
because of the following consideration. Consider layers 
of aligned spins which have suddenly been placed in an 
anti-parallel magnetic field. The equilibrium is unstable 
because of thermal agitation, and it is equally likely 
that the net moment vector from a given spin layer will 
want to move in any direction, so that on the average 
two layers or groups of spins want to precess 180 degrees 
out of phase, spiraling out and then in until both are 
aligned with the resultant field. Exchange forces prevent 
this, but spin wave modes are likely to build up quickly. 
The radiation fields from such spin waves cancel and all 
the potential energy initially given these spins must go 
into heating the lattice. 

To overcome this difficulty the pulsed field may be 
oriented at 180 degrees—a, where a is some small angle 
(see Fig. 3). The spins now have a preferred direction 
and want to precess in phase. However, as soon as a is 
nonzero, Y(t) departs from a true step function and 67 
again becomes a function of the rise time 7, as well as 
the other parameters. If a is made very small the 
amount of this departure is not large but the spin wave 
buildup appears again nearly as pronounced as before 
since thermal agitation always spreads the spins ran- 
domly over some small cone angle. It appears that the 
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Fig. 3—180°—e@ pulsing geometry. 


smaller the value of a, the lower the temperature re- 
quired for the same amount of spin wave buildup. 

The magnetic field geometry previously discussed is 
shown in Fig. 4. 

The pulsed magnetic field is assumed to be of the 
form as shown in Fig. 5. 

The magnitude and phase of H,(t) are given by 


| H(t) | = [H,()? — 2HacH p(t) cos a+ Ha.?]'/? (13) 
and 
Eas sin @ 


H,(t) — Hac cos a 


tany = (14) 


The latter expression leads to 


HacH,(t) sin a 
Y= (15) 
H,(t)? — 2H,(t)Hac cos a+ Hae? 


over the region of interest (0<#<T), for which H,(#) 
= (H)/T)t. 

The Larmor precession frequencies corresponding to 
Ay, Hac, and H, are &)= —YpeoH, Wac= —YeoLlac, and 
W, = —YyuoH,, respectively. 

If two parameters, wo and vo, are defined so that 


Wde 
uy = T cos @ (16) 
Wp 
and 
®de Fs 
%v = —Tsine (17) 
Wp 


then the integral (10), giving #7 may be written as 


T VW 
dubs if 
0 ?— 2uot a Uo” a Vo" 


wots 

“COS Fal [a2 — 2uox + mo? + nt] | Tr @es)) 
uo 

Since —¥ consists of an impulse at f=) when a—0, the 

constant up is evaluated so that cos @(u) =0, in accord- 

ance with previous remarks. The angle a has been as- 

sumed small, therefore a permissible approximation is to 
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Fig. 4—Magnetic field geometry. 
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Fig. 5—Pulsed magnetic field as a function of time. 


neglect the vo? term in the f,w(«x)dx factor. The integral 
then reduces to 


6 de af E (t ) di. (19 
== ee CON IO — ' 
. 0 (é = Uo)? + Vo" lk ms ) 


The first factor (—w) in the integrand may be repre- 
sented in the complex ¢ plane ((=u-++iv) by a pair of 
poles as shown in Fig. 6. 

In the limit as a—0, vp vanishes and a double order 
pole exists at f=w. Since the integration proceeds along 
the real axis, it is clear that the major contribution to 
the integral occurs near t=. The second factor in the 
integrand is unity at the same point and oscillates very 
rapidly for smaller or larger values of t. Fig. 7 represents 
the functions whose integrated product yields 67. 

The cos [w,/2T(t—uo)?]| factor varies so rapidly from 
plus to minus one that contributions to the integral are 
essentially zero except near t= wo. If Or is to be large (it 

‘is t—a@ for a=0 or T=0) it is clear that the resonant 
peak must have a width (279) comparable to the width 
(2A) of the positive half cycle of cos [w,/2T(t—uo)?], 
centered about f=%p. 

The evaluation of the integral (19) has been carried 
- out numerically for two values of T (10-7 and 10-8 sec) 
for a range of values of a and w,. Hac was assumed con- 
stant throughout and equal to approximately 500 gauss 
so that war = 10! rad/sec. The results are shown in Figs. 


8 and 9. 
RADIATION TRANSIENT 


When the pulse rise is completed there will exist a 
cone angle 67 between the magnetization m and the re- 


Fig. 6—Complex (u+7v) plane. 
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Fig. 7—Integrand functions. 


sultant field H (which is now constant in magnitude and 
direction) m spirals into H at a precession frequency o, 
due to radiation and heat losses. If No is the total num- 
ber of spins available in the sample there is some frac- 
tion Nerr/No capable of radiating (the remainder are 
assumed to be in the form of spin waves as discussed 
previously). 

The radiation field is simply that due to a rotating 
magnetic moment! (or amperian loopcurrent) of magni- 
tude m sin @(t). 

If a is large enough to ensure Nes:/No being near 
unity, the initial cone angle, 07, will probably be rela- 
tively small (an engineering compromise is needed—as 
usual). Assuming a small angle for 07, it may be shown 
that the average radiated power per pulse transient of 
magnetic field is 


bom? 


127c? 


Nets2er'0 7? (20) 


Je ave. rad. 
power per pulse 


where K is a coupling coefficient (K = 1 if dipoles radiate 
to free space). The radiation time constant is given by 


127? 


Sy leactse Wer 2 24 
KNett pom |y| 8 en) 


Tr 


The total time constant of the magnetization decay is 
TrTl 


Tie chesth 


1 J, A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book 
Co., Inc., New York, N. Y., pp. 437-438; 1941. 


(22) 


iy 
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where 7; is the lattice relaxation time assuming Bloch- 
Bloembergen damping. 
The radiation efficiency is defined by and is equal to 


Nett 
energy radiated No 
n= ~ . (23) 
energy coupled Tr 
UG eee 
TI 


It should be noted that a type of unfavorable insta- 
bility appears possible. Assume that a small angle a is 
chosen and the initial operating temperature made low 
enough so that the spins are highly aligned to provide 
efficient operation. Now if in operation the crystal heats 
up a little, the spins spread out somewhat. This de- 
creases the effective number of spins and increases the 
radiation time constant, thereby causing more power to 
be dissipated leading to a still further increase in tem- 
perature and decrease in efficiency. If the closed “loop 
gain” of the feedback system is greater than unity, the 
crystal eventually stops radiating and may even be 
destroyed. 


QUANTITATIVE CONSIDERATIONS 


The normal ferrites are impractical for such oscillators 
because the Bloch lattice relaxation time (r:) is very 
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short (10-8'—10-* seconds) and it would be nearly im- 
possible to provide large magnetic pulses with rise times 
(T) small compared with 7;. The newly discovered 
yttrium iron garnet single crystals are reported to have 
intrinsic resonant line widths of the order of one oersted. 
This corresponds to a 7; of 10~7—10~* seconds and 
a required T in the range 10-*—10~" seconds (possi- 
ble to obtain for reasonable magnetic field strengths). 
The minimum saturation field (Ha.) required for these 
materials may be assumed to be 5/4 X 10° amperes per 
meter (500 gauss) which corresponds to an Wa, of about 
101° rad/sec. The saturation magnetization, M,, is ap- 
proximately 17/47 X105 amperes/meter (47M,=1700 
gauss) and there are 10!* spins/mm*. It is instructive to 
compute the power and radiation efficiency. 

For a one mm crystal with a pulsed field of magni- 
tude such that w,=10" rad/sec and T= 10-7 seconds and. 
assuming that K~3, a~20 degrees, Nerr3No/4 and 

T1~0.15 psec it follows that 0r7~7/10 radians. (The 
value of 36 degrees from the Fig. 8 curves is halved to 
take into account the fact that the pulse rise is not 
conservative. ) 

The average power per pulse is approximately 30 
watts and the radiation efficiency 40 per cent. Shite 
pulse of radiation lasts about 0.05 usec. 
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CONCLUSIONS 


The preceding analysis has shown that under certain 
restrictive conditions the electron spins appear able to 
couple energy from a pulsed magnetic field and radiate 
it efficiently at some microwave frequency. The analy- 
sis has been done for a vastly simplified system where 
such factors as anisotropy have been neglected. Never- 
theless, certain basic limitations such as the geometrical 
dependence of the initial precession cone angle (@7) have 
become apparent as well as the need to consider care- 
fully the operating temperature. 

Several alternate methods of coupling the magnetic 
energy from the pulsed field have been proposed by the 
author,” and depend on a pulsed RF field coupling 
energy to the spins before the spin wave spectrum can 
build up. This RF field would be of lower frequency than 


? Presented orally at the International Conference on Solid State 
Physics as Applied to Electronics and Telecommunications, Brussels, 
’ Belgium; June, 1958. 
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the radiation which is desired and so a pulsed magnetic 
field would raise the system to the desired energy level. 

A great deal of fundamental knowledge must be ob- 
tained, and many engineering problems solved, before a 
practical oscillator can be built. With this goal in mind, 
experiments are being carried out at the Air Force Cam- 
bridge Research Center. 

A last point worth mentioning is that the possibility 
of studying the relaxation behavior of the precessional 
cone angle of the magnetization by means of the ob- 
served radiation is an exciting idea which may lead to 
a more conclusive theory of ferrimagnetic resonance 
damping. 
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Ferrite High-Power Effects in Waveguides* 


E. STERN} anp R. S. MANGIARACINAL 


Summary—Deterioration of ferrite devices caused by both high 
power thermal and nonlinear effects are discussed. It is shown that 
thermal effects can be described, at least qualitatively, by a simple 
exponential equation. A theoretical maximum power capacity is de- 
rived in terms of ferrite configuration parameters. The results of ex- 
periments with high peak powers at both S-band and X-band fre- 
quencies are compared with predictions of Suhl’s theory on nonlinear, 
high power effects in ferrites. Steady-state and transient effects are 
considered. It is shown that high power effects may be eliminated in 
ferrite devices by properly choosing ferrite properties and geometry. 


OW POWER ferrite components generally de- 
L teriorate when subjected to high power.! This 
paper includes a discussion of the thermal and 
nonlinear? ferrite effects commonly found at high power, 
and a description of an anamolous transient effect. 

Fig. 1 shows the drastic decrease with power in a 
ferrite resonance attenuation characteristic that, at low 
power levels, is effectively utilized to build isolators. 
Methods are indicated to eliminate these undesirable 
effects. 


* Manuscript received by the PGMTT, July 21, 1958; revised 
manuscript received, August 28, 1958. 
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THERMAL EFFECTS 


Assuming that the microwave power is absorbed at 
the top surface of the ferrite, and that the generated 
heat flows directly through the ferrite and into the wave- 
guide wall, then a simple calculation can be made of 
the steady-state temperature distribution on the ferrite. 
As shown in Part A of the Appendix 


0.24aT 
T(X) —To= 


in@ o> 


where 


a=attenuation constant 
T(X) =temperature of the top surface of the ferrite 
(Fig. 2) at the longitudinal position x 
K=thermal conductivity of the ferrite 
W =width of the ferrite slab 
t=thickness of the ferrite slab 
T)=wall temperature. 


In applying this equation, special care must be taken 
in establishing 7); at high powers a large thermal gradi- 
ent may exist through the cement between the ferrite 
and waveguide wall. Fig. 2 shows the theoretical tem- 
perature gradient in a specific ferrite. This gradient was 
qualitatively observed with a temperature indicator. 
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Fig. 1—Insertion loss vs magnetic field for several power levels. 
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Fig. 2—Calculated thermal gradient for top 
surface of ferrite slab in waveguide. 


If the applied power is very large, then a thermal in- 
stability may occur. The mechanism is as follows. The 
temperature of the first inch of ferrite increases with 
time until it approaches the Curie temperature. When 
this happens the saturation magnetization decreases 
markedly. This causes a proportional decrease of the 
attenuation constant which in turn increases the power 
absorbed in the cooler second inch of ferrite. The process 
continues and an unstable condition is produced. The 
end result may be a serious deterioration of attenuation 
of the type shown in Fig. 1. 

Using the temperature indicator, an experiment was 
performed to verify this phenomenon. The attenuation 
was found to decrease with time in relation to this ther- 
mal gradient. 

Fig. 3 indicates the variation of saturation magnetiza- 
tion (47M,) with temperature for two different ferrites. 
Note that the nickel zinc ferrite 47M, and therefore the 
attenuation remains relatively constant up to tempera- 
ture T;. At temperatures greater than 7}, the saturation 
magnetization drops rapidly. Therefore, it is possible to 
define the theoretical maximum power capacity for a 
given ferrite configuration. 


417WK 


at 


[T, — Tol. 


max — 


This expression holds true if the waveguide wall tem- 
perature is maintained at 7 and the product at is kept 
less than 0.01. On the other hand, severe deterioration 
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Fig. 3—Saturation magnetization vs temperature for two ferrites. 
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can be expected from the magnesium manganese ferrite 
at relatively low power. 

Fig. 4 shows the relative resonant attenuation as a 
function of average power for several Mg-Mn ferrite 
thicknesses. It is anticipated that Pmax should vary in- 
versely with ferrite thicknesses. This was corroborated 
by the measurements shown in this figure. Note that a 
marked deterioration occurs at a specific power level for 
each ferrite thickness. Furthermore, at medium power 
levels, the attenuation ratio exceeds unity. This is a 
typical thermal effect? that is caused in some ferrites by 
the decrease of anisotropy with increasing temperature. 


NONLINEAR EFFECTS 


The detailed Suhl theory? was derived for small ferrite 
samples immersed in a uniform microwave magnetic 
field. Ordinary ferrite components use large ferrites in 
nonuniform microwave magnetic fields. Therefore, a 
comparison between theory and observations is re- 
stricted to estimates of orders of magnitude. 

Fig. 5 illustrates the reverse insertion loss vs magnetic 
field at two peak powers. The average power was held 
constant to minimize thermal effects. Note that the at- 
tenuation decreases somewhat with peak power. The 
ferrite has a saturation magnetization of 2050 gauss and 
a full linewidth of 120 oersteds. Suhl’s criteria for the 
coincidence of subsidiary and main resonance for this 


*B. J. Duncan and L, Swern, “Temperature behavior of ferri- 
magnetic resonance in ferrites located in waveguide,” J. Appl. Phys., 
vol. 27, pp. 209-215; March, 1956. 
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Fig. 5—The decline of the main resonance with 
peak power at a fixed average power level. 


ferrite geometry predicts that coincidence does not oc- 
cur. Therefore, /rerit? is equal to 


2AH 


Aerit = AH 4 / ———— 
: V (axM.) 


where AZ is the half width of the main resonance line. 

This defines the threshold for the deterioration of the 
main resonance. If this equation is solved for the given 
frequency and waveguide size (see Part B of the Ap- 
pendix), it is found that the critical power is equal to 
150 kw. This agrees approximately with the data shown 
in this figure. Note that for the slab configuration mag- 
netized as shown, subsidiary resonance is not evident. 

The normalized resonance attenuation as a function 
of de field for two orientations of the field is shown in 
Fig. 6. Note that a subsidiary resonance peak is ob- 
served if the magnetic field lies in the plane of the slab. 
However, if the field is transverse to the slab, the sub- 
sidiary resonance is partially suppressed. This agrees 
qualitatively with Suhl’s theory since it is expected that 
a very thin slab will not exhibit subsidiary resonance. 
These measurements were made at 9375 me with a peak 
power of 10 kw. The main resonance did not deteriorate 
with peak power since it lies below the calculated in- 
stability threshold of 15 kw. 

The maximum amplitude of the subsidiary resonance 


- for the field lying in the plane of the ferrite slab as a 


function of peak power is shown in Fig. 7. Note that the 
data was taken at two duty cycles. Since the two sets 
of data fall on the same curve, it is clear that heating 


and other extraneous effects are negligible. Note also 


that the subsidiary resonance tends to saturate. This 
agrees qualitatively with the observations made by 
Scovil of Bell Telephone Laboratories with small single 
crystal samples. The calculated critical power for the 
onset of subsidiary resonance is equal to 30 kw. In this 


~ calculation N, equals 1 in order to arrive at a minimum 


critical power level. This prediction is completely out of 
line with the experimental data. If ect is calculated for 


subsidiary and main resonance coincidence, 


(AH)? 
47M, 


herit = 
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Fig. 6—The dependence of subsidiary resonance 
on ferrite geometry in waveguide. 
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Fig. 7—The variation of subsidiary resonance with peak power. 


where AA is the half width of the resonance line, and 
the critical power equals 250 watts. This calculation pro- 
vides a much better approximation of the critical power 
for subsidiary resonance. 

On the basis of the studies described above, a material 
and dimensions were chosen to minimize the Suhl and 
thermal effects in an S-band isolator. 

The attenuation as a function of magnetic field for 
two power levels is seen in Fig. 8. Note that the attenua- 
tion is virtually unaffected by the power in the region 
lying slightly above resonance. The resonance shift with 
power can be attributed to a slight decrease of 47M, 
with temperature. The slight decrease of attenuation 
below resonance may be due to subsidiary main reso- 
nance coincidence. A field should be chosen that places 
the operating point in this region of minimum deteriora- 
tion. 

Fig. 9 gives the effect produced on the resonance line 
of ferrite at low power by the introduction of dielectric. 
Note that the apparent resonance for the ferrite-dielec- 
tric combination is shifted to a somewhat higher field 
and the attenuation is increased. If this principle is in- 
corporated into a high power isolator and the ferrite and 
dielectric dimensions are chosen so that nonlinear ef- 
fects and thermal instabilities are minimized, a high 
power isolator can be obtained that has minimum size 
and weight. 

A picture of high power S-band isolator that requires 
only forced air cooling is shown in Fig. 10. With a peak 
power of 5 megawatts and an average power of 5 kw 
looking into a mismatch of 1.8 at 2900 mc, the measured 
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Fig. 8—Attenuation vs magnetic field for 
special ferrite configuration. 


SHIFT IN 
RESONANCE 


—-O—C— DIELECTRIC LOADED 
—+—*— NO DIELECTRIC LOADING 
f= 2800 MC. 

Mg-Mn FERRITE 


INSERTION LOSS-DB 


° 500 1000 1500 
MAGNETIC FIELD-GAUSS 


2000 2500 2800 


Fig. 9—The effect of dielectric loading on the main resonance. 


Fig. 10—Air-cooled, 5-mw peak, 5-kw average power, 
S-band isolator. 


forward loss was less than 0.2 db and the reverse loss 
was greater than 10 db. The isolator is six inches long. 
Its bandwidth extends from 2700 mc to 2900 mc. 
During these high power investigations an anomalous 
effect was observed at X band, especially with oversize 
ferrites. Fig. 11 shows the magnetizing field and the at- 
tenuation of the ferrite as a function of time. Now the 
expected behavior is a slight increase of attenuation, and 
later on a decrease. However, when the field is increased, 
the attenuation drops sharply within 70 milliseconds 
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Fig. 11—The transient effect produced at high 
power with oversize ferrite slabs. 


and then drifts slowly to the expected steady-state value 
above the initial attenuation. When the field is switched 
back to its initial value, a sharp increase in attenuation 
is first observed and then a slow decrease of attenuation 
occurs back to the expected initial level. The amplitude 
of the sharp increase in attenuation produced by a de- 
crease in field is —Aqw and the resultant decrease in at- 
tenuation with an increase of magnetic field is +Aa. 
The graph in the upper portion of Fig. 11 shows the 
steady-state attenuation as a function of field and a plot 
of +Aq@ and —Aa that is produced at the indicated field 
by switching the field by a small increment. 

The measurements were taken at 9375 mc with 20 
watts average power and a duty cycle of 0.001. Note 
that the attenuation transient is sensitive to the sense 
of the magnetic field transient and to magnetic bias. In 
addition, the transients are ferrite size dependent. If the 
ferrite thickness is made less than 0.050 inch, the tran- 
sients are suppressed. The intrinsic rise time of the effect 
is known now. 

In conclusion, high power effects can be eliminated by 
choosing the appropriate ferrite geometry. A ferrite 
with a broad linewidth, a high Curie temperature, a slow 
decline of the saturation magnetization with tempera- 
ture, a low 47M, and a transversely magnetized slab 
configuration should enable the engineer to build a very 
high power component. If a large amount of power is to 
be dissipated in the ferrite, it is recommended that the 
ferrite be soldered directly to the waveguide wall and 
that the coolant be applied in a fashion such that the 
thermal gradient between coolant and ferrite is mini- 
mized. The ferrite dimensions should be adjusted sa 
that neither thermal nor nonlinear critical powers are 
reached. The judicious use of dielectric should help to 
overcome some of the effects produced by high power. 

The anomalous effect can be prevented from occurring 
in high power switches, variable attenuators, and modu- 
lators if the switching speed is made long or if the ferrite 
dimensions are reasonably small. 

Special care must be taken in all high power devices 
where the transverse demagnetizing coefficients are 
greater than zero because the subsidiary resonance peak 
is then likely to occur. 
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APPENDIX Piet Bs 


Part A ; ; ; 
: Microwave magnetic fields in waveguide may be ex- 
The microwave power that is absorbed per differential pressed as 
ferrite segment is 


H, = o07194/ = Vee 
dP, = — aPine~*dx. (1) od : aaa 1 — (~) 
It it is assumed that all the microwave energy is ab- T 
sorbed in the top surface of the ferrite and that all the sige (= *) sin wf oersteds 
heat flows directly into the waveguide wall at tempera- x 
ture 7», then the following ex ion hol : be 1 
0 g expression holds true: eee 0719 4/— 
dQ, = 0.24dP, = << [T. — Toldx (2) n @ 
-— cos | — x | cos wt oersteds 
No a 
where 
K=thermal conductivity of ferrite ETE 
W =width of the ferrite slab P,=transmitted power in watts 
t=thickness of the ferrite slab a, b=waveguide dimensions in inches 
T)=wall temperature. \=free space wavelength 


ae = cutoff length for the TE i : 
Substituting (1) in (2), o=cutoll wavelength for the TE» waveguide mode 


ot PariG 
[T. — To] = Bes Pine". The coincidence of main and subsidiary resonance is 
achieved provided that 
The assumption has been made that the heat flows di- Ad: an 
rectly to the waveguide wall. The assumption is justified (N.+ Ny + VN,2+ N,? + 14N,N,) >— 
if v 
dW leap where 
he the demagnetizing factors V,+N,+N.=1 
————— = ait <1. 47 M,=saturation magnetization in gauss 
d[T, — To] w =applied angular frequency 
dy y = 209 X2.82 X 10° radians/oersted. 


Temperature Effects in Microwave Ferrite Devices" 
J. L. MELCHOR}{ anv P. H. VARTANIAN{ 


Summary—With proper choice of shape, it is possible to minimize INTRODUCTION 


i i in microwave ferrite : ‘ ay? 
“a beens See RF pd Sects pte as nee N THE DESIGN of microwave devices containing 
components operating over a wide range of ambient temperatures. ; 2 ; ; 
Calculations have been made for minimum resonance frequency shift ferrites, the choice of ferrite shape can have an im- 
_ with change in saturation moment. Curves relating the resonance fre- portant effect on the characteristics achieved. The 
quency shift as a function of saturation magnetization are plotted for ferrite dimensions should be chosen to give optimum 
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shows the relation between the applied magnetic field 
and the ferromagnetic resonance frequency for several 
commonly used ferrite shapes. The X’s in Fig. 1 denote 
abscissa values for which the applied field is sufficiently 
large to overcome internal demagnetizing fields for each 
shape, so that saturation may be produced. The range 
over which low field magnetic losses occur in a demag- 
netized sample of any shape is shown. Fig. 1 is useful in 
comparing the various shapes commonly used in de- 
vices. Choice of a shape is easily made on the basis of 
requirements for low frequency operation, low applied 
magnetic field, or a particular ferrite. Points above the 
lines correspond to operation below ferromagnetic reso- 
nance field (or above ferromagnetic resonance fre- 
quency) and include most low field devices such as 
Faraday rotators and differential phase shifters. 
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FREQUENCIES IF 
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Fig. 1—Resonance frequency as a function of applied field and 
saturation magnetization for different ferrite shapes. 


As the temperature increases, due to ambient condi- 
tions or power absorption, a typical ferrite’s saturation 
magnetization is found to decrease as shown in Fig. 2. 
Measurements taade on a Mg-Mn-Al ferrite show the 
magnetization dropping from 900 gauss at room tem- 
perature to zero at a Curie temperature of 92°C. Two 
effects will be noted on microwave device characteristics 
as the saturation magnetization decreases. First, the 
nonreciprocal property, absorption or phase shift, for 
example, decreases in magnitude because of the reduc- 
tion in saturation magnetization. Second, a change in 
magnetization causes the ferromagnetic resonance fre- 
quency to shift in a manner which can be predicted from 
Kittel’s equation. By proper choice of ferrite shape it is 
possible to minimize this shift in resonance frequency. 
Figs. 3(a) and (b) show the shift in resonance frequency 
as a function of saturation magnetization for two com- 
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Fig. 2—Absorption vs temperature for thin slab of Mn-Mg-Al ferrite 
with saturation magnetization of 900 gauss and Curie tempera- 
ture, T., of 92°C. 


monly used ferrite-loaded waveguide geometries. Fig. 
3(c) shows the possible results which can be obtained 
with a more suitable choice of ferrite shape. It is seen in 
this case that the resonance frequency remains almost 
independent of saturation magnetization. 


DISCUSSION 


As shown by the ferromagnetic resonance absorption 
characteristics of Fig. 3, the operating frequency range 
of an isolator depends on the applied magnetic field, the 
saturation magnetization of the material used, and the 
demagnetizing factors associated with the choice of 
geometry. These quantities are related through Kittel’s 
equation. 

Since most ferrite devices use geometries which are 
long compared to a wavelength and vary only in trans- 
verse shape, the demagnetizing factor N,, where y is 
along the waveguide axis, has been assumed to be zero. 
For this geometry Kittel’s equation normalized to the 
applied field becomes 
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Fig. 3—Isolator characteristics for ferrite slabs magnetized (a) nor- 
4 mal to plane, (b) parallel to plane, and for (c) ferrite shape chosen 
| for minimum dependence of resonance frequency on magnetic 

moment. P2 and T>2 are greater than P; and Ty. 


where 


w =ferromagnetic resonance frequency 
y = gyromagnetic ratio 
N,=1—N,=demagnetizing factor along direction 
of field 


47 M =saturation magnetization of the ferrite. 


Calculated curves based on (1) for different values of 
N./N, are shown in Fig. 4. Here it can be seen that for a 
ferrite shape chosen such that NV,/N,=0.5, the satura- 
tion magnetization can decrease from half the applied 

resonance field value to zero without an appreciable 

change in resonance frequency. For any value of N./N, 

less than 0.5 the curves of Fig. 4 will have maxima; and 
in the neighborhood of these maxima the moment can 
change over wide ranges with little effect on resonance 
frequency. Experimental points are plotted for ferrite 
samples chosen with N,/N,=0.15, 0.5 and 6.67. Corre- 
lation between calculated and experimental data for the 
first two shapes is found to be quite good. However, for 
‘the latter shape there is a discrepancy between calcula- 
tion and measurement. The values for V,/N., were de- 
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Fig. 4—Resonance frequency vs saturation magnetization 
for different demagnetizing factors. 


termined from Osborn,” assuming the slabs to be ellips- 
oids. For the dimensions used, it is found that N./N, is 
approximately equal to the ratio of the x dimension to 
the z dimension. However, since the ferrite was mounted 
flat on a waveguide wall, one should use double the z 
dimension because of the RF image dipole required by 
the metal surface boundary conditions.’ Consequently, 
the points labeled “6.67 experimental” should be for an 
effective N,/N, of 3.33, and again, agreement between 
theory and experiment would be good. 

For each operating microwave frequency there is a 
corresponding combination of geometry, applied mag- 
netic field, and saturation magnetization to give mini- 
mum temperature dependence. Fig. 5 shows the locus of 
points derived from Kittel’s equation when dw/dM is 
zero.. These curves provide the necessary information to 
design a microwave ferrite device with minimum de- 
pendence of resonance frequency on temperature. As an 
example, assume we have need for an isolator at 5600 mc 
which is subjected to a variable ambient temperature. 
Now, if we choose a low loss ferrite with a saturation 
magnetization of 2000 gauss, w/47My is 2.0. The opti- 
mum choice of V,/N, is seen to be 0.415 and 4% M/H is 


2 J. A. Osborn, “Demagnetizing factors,” Phys. Rev., vol. 67, pp. 
351-357; March, 1945. 

3 Private communication, M. Sirvetz and H. Sharfman, Raytheon 
Manufacturing Co. 
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Fig. 5—Resonance frequency or magnetic field 
value vs N,/N; for dw/dM=0. 


January 


0.50, or the field to be applied is 4000 gauss. Suppose, 
however, we choose to use a high Curie temperature 
ferrite with a saturation magnetization of 3500 gauss. 
Then, w/4rMy is 0.57, N./Nz is 0.20 and 47 M/H is 
2.25. Here the field required for resonance is 1555 gauss. 


CONCLUSIONS 


Ferrite shapes can be chosen to minimize change in 
microwave resonance frequency whenever saturation 
moment decreases due to ambient temperature changes. 
However, if the temperature rise is due to power ab- 
sorption within the ferrite, several additional factors 
must be considered in designing a device for minimum 
shift of resonance frequency. First is the cooling effect 
of the metallic wall on the ferrite. This sets up a thermal 
gradient across the ferrite and consequently the opti- 
mum W,/N, varies, since 4rM varies throughout the 
material. Second, presence of the metallic wall tends to 
stabilize the ferrite temperature, and it will probably be 
found that the optimum shape for the extremely high 
average power device is a compromise between maxi- 
mizing the area between the ferrite and waveguide wall 
for heat transfer reasons, and choosing an optimum 
shape for minimizing the thermally caused shift in reso- 
nance frequency. For applications where environmental 
temperature of the device is to vary over wide ranges, 
choice of N,/Nz, as shown in Fig. 5, is optimum. 

Discrepancies between the resonance frequency pre- 
dicted by Kittel’s equation and that measured for the 
configuration of Fig. 3(a) can be attributed to an RF 
image at the waveguide wall. 


Characteristics of Ferrite Microwave Limiters* 
G. S. UEBELEt 


Summary—Microwave ferrites that exhibit a nonlinear RF ab- 
sorption as a function of RF power level can be utilized in the con- 
struction of a passive microwave device which will allow small RF 
signals to be transmitted with very little attenuation but which will 
attenuate large RF signals considerably. Such a device tends to 
‘fimit” the amplitude of the microwave energy passing through the 
device and is therefore called a ferrite microwave limiter. 

One application of the ferrite limiter is in the protection of crystal 
detectors in pulsed radar sets. However, when a rectangular pulse 
of X-band RF energy is transmitted through the limiter, the output 
waveform is no longer rectangular but consists of a leading edge 
spike of 0.1-usec duration followed by a plateau of highly attenuated 
RF energy. At the present time the leading edge spike is the major 


* Manuscript received by the PGMTT, July 1, 1958; revised 
manuscript received, September 2, 1958. 
t Systems Dey. Labs., Hughes Aircraft Co., Culver City, Calif. 


obstacle in the successful use of the ferrite microwave limiter as a 
TR cell in the protection of crystal detectors. 

Experimental techniques used to improve the performance of the 
limiter are presented, and the performance characteristics of an 
X-band ferrite microwave limiter are shown. 


PRINCIPLE OF OPERATION 


HE nonlinear properties of ferrites were first ob- 
served in cavity experiments conducted by Da- 
mon? and by Blombergen and Wang? in 1950 and 
1951. Similar observations in ferrite-loaded waveguide 


* R. W. Damon, “Relaxation effects in ferromagnetic resonance,” 
Rev. Mod. Phys., vol. 25, pp. 239-245; January, 1953. 
N. Blombergen and S. Wang, “Relaxation effects in para- and 


lorrOmee ans resonance,” Phys. Rev., vol. 93, pp. 72-83; January, 
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experiments at other laboratories’ influenced the 
choice of ferrite material for use in high-power ferrite 
devices. 

In Fig. 1° the attenuation of a ferrite-loaded wave- 
guide is plotted as a function of the magnitude of the 
magnetic bias field. An attenuation curve is plotted both 
for a small RF signal (about 100 mw at 9000 mc) and 
for a large RF signal of 60 kw. The attenuation curve for 
60 kw of RF power clearly shows a subsidiary resonance 
at about 1250 gauss which did not occur at the lower 
power level. If the amplitude of the magnetic bias is 
fixed at 1250 gauss, a 100-mw RF signal is essentially 
unattenuated, but a 60-kw signal is attenuated by 1 db. 
The ferrite microwave limiter is based upon this effect. 
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Fig. 1—Low-power and high-power attenuation curves 
for General Ceramics Ferramic R-1 ferrite. 


A theory which qualitatively accounts for the sub- 
sidiary resonance at high RF power levels has recently 
been advanced by Suhl’ of Bell Telephone Laboratories. 
In brief, the ferrite’s nonlinear absorption and the 
existence of the subsidiary resonance are contributed to 
the generation of lossy spin modes within the ferrite’s 
crystal lattice when the strength of the RF magnetic 
field reaches a critical threshold value. The threshold of 
RF energy is related to the saturation magnetization 
and ferromagnetic resonance linewidth of the ferrite for 
the case of single crystals of ferrite of spheroidal geome- 
try and circularly polarized RF excitation. Suhl’s theory 
indicates that a ferrite with a narrow ferromagnetic 
resonance linewidth and a high saturation magnetiza- 
tion is required for the greatest limiting effect. 


3 M. T. Weiss, “High Microwave Power Effects on Ferromagnetic 
Resonance in Ferrites; I. Main Resonance,” Bell Telephone Labs., 
Holmdel, N. J., Tech. Memo. No. 56-123-43; October 22, 1956. 

4N. G. Sakiotis, H. N. Chait, and M. L. Kales, “Nonlinearity of 
microwave ferrite media,” IRE TRANS. ON ANTENNAS AND PROPAGA- 
TION, vol. AP-4, pp. 111-115; April, 1956. 

5 —, T. Wierman, unpublished data, Hughes Aircraft Co., Culver 
City, Calif.; September, 1956. 

6 In Fig. 1 the increased magnetic bias field required for ferro- 
magnetic resonance at high RF power levels is due to the lowering of 
M, when the ferrite temperature is raised by RF losses. 

3 7H. Suhl, “The nonlinear behavior of ferrites at high microwave 
_ signal levels,” Proc. IRE, vol. 44, pp. 1270-1284; October, 1956. 
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Fig. 2—Input and output RF pulse shapes for an experimental ferrite 
limiter (Fig. 3 configuration). (a) Input pulse, 0.1 usec per di- 
vision. (b) Output pulse. (c) Output pulse magnified 20 times. 
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Fig. 3—An experimental ferrite microwave limiter 
using Ferramic R-1 ferrite, 


DESIGN OBJECTIVES 


One application of the ferrite limiter is in the protec- 
tion of crystal detectors in pulsed radar sets. The effect 
of the ferrite microwave limiter on the waveshape of 
pulses of high-power RF energy is therefore of consider- 
able interest. Fig. 2 shows oscilloscope traces of an RF 
pulse before and after limiting for the specific ferrite 
waveguide configuration shown in Fig. 3, in which Gen- 
eral Ceramic’s Ferramic R-1 ferrite was used. In general, 
the shape of the limited RF pulse is a flat plateau with 
spikes of energy, approximately 0.1 usec in duration, at 
the leading and trailing edges. Because of this RF wave- 
shape distortion, it is advisable to review the theory of 
crystal detector “burnout” before design objectives for 
the limiter can be established. 

It is generally accepted that crystal burnout is due 
primarily to excess heating in the proximity of the 
whisker silicon contact area.2 The temperature in this 


8 H. C. Torrey and C. A. Whitmer, “Crystals Rectifiers,” M.1.T. 
Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 
15, pp. 236-263; 1948. 


20 IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


area is a function of the energy vs time distribution of 
the RF input pulse and the thermal capacity of the 
crystal. If the RF spike energy impinging on the crystal 
has a time duration less than the thermal time constant 
(r) of the crystal, then the energy content of the spike is 
the important burnout factor. However, if the width of 
the spike is greater than the thermal relaxation constant 
of the crystal, the temperature attained depends upon 
the rate at which energy is applied to the crystal, 7.e., the 
power amplitude of the spike. 

For crystals in the 1N23 series, the burnout tempera- 
ture of the whisker-silicon contact is about 500°C and 
the thermal time constant is of the order of 0.02 usec. 
The thermal capacity of the 1N23E® crystal is such that, 
for RF pulses of about 0.02 usec or less, the crystal 
burnout is 2 ergs. Since the duration of the leading edge 
spike of the output from a gas TR cell is about 0.002 
usec, gas TR cells are rated in ergs of energy output. By 
extrapolating these data (Fig. 4), one arrives at a maxi- 
mum allowable peak-power level of 10 watts for spikes 
of long-time duration. Since the duration of the leading 
edge spike of a “limited” pulse of RF energy is 0.1 psec, 
this spike amplitude must not exceed 10 watts if crystal 
burnout is to be prevented. 
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Fig. 4—Probable energy for burnout of 1N23E crystal 
as a function of RF pulse width. 


However, crystal burnout is not the only parameter 
to be considered in designing a TR cell for crystal pro- 
tection in a radar system. Equally important is the 
amount of service a crystal detector will give before it 
has to be replaced. This is determined by loss of con- 
version efficiency of the crystal and by the increase of 
noise level as a function of time. Both of these deleteri- 
ous “aging” factors of a crystal are directly related to 
the amplitude of the input RF pulses to the crystal. 
Therefore, the TR cell requirements established by the 
radar designer will be a compromise between crystal life 
and TR protection required, and no rigorous specifica- 
tion can be made on the limiter for this purpose. How- 
ever, since it appears that manufacturers design gas TR 
cells with a spike leakage value of 10 per cent of that 
required for crystal burnout, it seems reasonable to re- 


: 9 Pee Associates, Inc., Boston, Mass., Short Form Catalog 
57-BG. 
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quire that the output RF waveform from a ferrite 
limiter exhibit no amplitude greater than one watt. 


PARAMETERS AFFECTING LIMITING 


A number of commercially available ferrites as well as 
ferrites synthesized at Hughes Aircraft Company were 
tested for their nonlinear properties. Of the ferrites 
tested, General Ceramic’s Ferramic R-1 ferrite was 
chosen to demonstrate limiter characteristics because it 
exhibits considerable nonlinearity and is readily avail- 
able in quantity. Ferramic R-1 ferrite has a saturation 
magnetization of 2500 gauss and a ferromagnetic reso- 
nance linewidth of 320 oersteds at 9000 mc. 

One of the first parameters investigated was the direc- 
tion of the applied magnetic bias field in relation to the 
ferrite sample and the direction of RF propagation. For 
a slab of Ferramic R-1 ferrite, 1.5 inches by 0.195 inch 
by 0.120 inch, placed adjacent to the narrow wall of a 
0.2-inch by 0.9-inch waveguide, there appeared to be no 
preferred direction of Ha. for greatest limiting effect. 
Therefore, the practical aspects of achieving the large 
magnetic bias fields required were considered, and the 
magnetic bias field transverse to the wide wall of the 
waveguide was chosen for further tests. 

With the direction of the applied magnetic bias field 
established, the next parameter varied was the distance 
of the ferrite slab from the side wall of a 0.2-inch by 
0.9-inch waveguide. For this test the ferrite was 0.030 
inch thick, 0.195 inch high, and 4 inches long. Suhl’s 
theory’ and work done by Sakiotis, Chait, and Kales? 
would seem to indicate that optimum results will occur 
at that distance where a circular polarized RF magnetic 
field is encountered. When the ferrite is placed at this 
location, there is a decided difference in RF attenuation 
for opposite polarities of the magnetic bias field. How- 
ever, there is not enough improvement in the limiting 
which is observed when the ferrite is in direct contact 
with the side wall to warrant removing the ferrite from 
the side wall, which acts as a good heat sink. 

With the direction of the magnetic bias field and the 
placement of the ferrite in the waveguide established, 
techniques for increasing limiting action by intensifica- 
tion of the RF magnetic field in the ferrite can now be 
considered. Fig. 5 illustrates two techniques for intensi- 
fying the field: reduction of the waveguide height, and 
the use of dielectric loading. Since the majority of meas- 
urements on ferrite limiters were done in 0.2-inch by 
0.9-inch waveguide, this size waveguide is used as a 
standard for comparison [Fig. 5(a)]. The ferrite used 
was a slab of Ferramic R-1, 0.030 inch thick and 6 inches 
long. The height of the ferrite was 0.195 inch for the 
0.2-inch by 0.9-inch waveguide and 0.095 inch for the 
0.1-inch by 0.9-inch waveguide. 

Since the RF magnetic field intensity is inversely pro- 
portional to the height of the waveguide, reduction of 
the waveguide height by one half to 0.1 inch [Fig. 5(b) | 
increased the limiting by 3 db. 
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- Fig. 5—Effect on limiting by enhancing the RF field intensity in the 
ferrite. (a) “Standard” waveguide. (b) Effect of reducing height 
of waveguide. (c) Effect of dielectric loading. 
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. If a dielectric material is placed adjacent to the fer- 
rite, as shown in Fig. 5(c), the RF energy in the wave- 
guide is “pulled over” into the ferrite. The resultant in- 
tensification of RF magnetic field increases the limiting 
effect considerably. In this case a 7-db increase was 
achieved. 

Very large RF magnetic field intensities can be 
achieved by resonant cavity techniques.!° The main dis- 
advantage to this method of enhancing limiting is the 
narrow bandwidth of the device. However, for a nar- 
row-bandwidth microwave system, the cavity technique 
should give superior results. 

The effect of ferrite length on the leading edge spike 
and the plateau of a limited RF pulse is shown in Fig. 6. 
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Fig. 6—Output pulse shape vs ferrite length 
(48-kw peak power input). 


It is apparent that there must be sufficient ferrite in the 
waveguide to utilize the nonlinearity to its utmost, but a 
compromise must be made if the low power loss is to be 
kept at a minimum. An input power of 48 kw was chosen 
so that an effect could be clearly demonstrated for the 
shorter lengths of ferrite. 


EFFECT ON RF WAVESHAPE 


An experimental limiter using Ferramic R-1 ferrite 
(see configuration in Fig. 3) was constructed for the pur- 
pose of observing the operating characteristics of a 
limiter at high RF power levels. 

The waveform of a 3-kw pulse of RF energy at 9000 
me, limited by this limiter, is shown in Fig. 2. The re- 
sultant waveform consists of a spike ‘of energy of 650 
watts amplitude and 0.1 usec duration, then a plateau of 


10 If the RF phase shift exhibited by a ferrite, magnetically biased 
for optimum limiting, were different at low and high RF power levels, 
then a transmission cavity (containing the ferrite) adjusted for mini- 
mum loss at low power levels would be “detuned” at high RF power 
levels and would achieve very large TR attenuation ratios. A similar 
technique is used in most gas T'R cells. However, phase shift measure- 
ments made on a limiter (Fig. 3) and a number of ferrite phase 
shifters at RF power levels up to 10 kw showed no change in phase 
that could not be accounted for by the change of M, of the ferrite 
due to RF heating. 
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highly attenuated RF energy of 11.0 watts amplitude 
and 0.4 psec duration, followed by a trailing edge spike 
of 45.5 watts amplitude and 0.1 usec duration. The 
energy distribution for the leading edge spike, the 
plateau, and the trailing edge spike is 210 ergs, 70 ergs, 
and 25 ergs, respectively. At the present time it is be- 
lieved that the 0.1 usec duration of the leading edge 
spike is due to the conversion time from the uniform 
mode to the spin modes, and that the 0.1 usec duration 
of the trailing edge spike is due to the relaxation time of 
the spin modes. 

It was felt that if the build-up time of the input RF 
pulse was prolonged, perhaps the leading edge spike 
could be eliminated. Therefore, the limiter (Fig. 3 con- 
figuration) was subjected to high-power RF pulses of 
0.05-usec rise time and then to RF pulses of 0.3-ysec rise 
time. It was found that while the rise time of the leading 
edge spike was longer for the latter case, the amplitude 
of the spike and its decay time were unchanged. 

If the limiter is to be used as a TR cell for a crystal 
detector, it is important to know how the limiter per- 
forms for various values of input power level. Therefore, 
an examination of the “limited” RF waveform as a 
function of input power level was made. A magnetron 
with the RF pulse shape shown in Fig. 2(a) was used as 
the signal source. 

The results, presented in graph form in Fig. 7, show 
that no limiting effect takes place until the input power 
level reaches 110 watts. Above 110 watts a plateau is 
formed rapidly until, at 3 kw, the plateau reaches its 
lowest magnitude. During the same range of input power 
levels, a leading edge spike is formed. Between 3 and 
9 kw input power, the plateau and leading edge spike 
remain unchanged. In practice it would be desirable to 
operate the limiter so that this stabilized region in fer- 
rite characteristics coincides with the range of input 
power levels expected. Above 9 kw the plateau ampli- 
tude rises rapidly. 

A possible explanation for this power level dependence 
is as follows. Consider the spin modes being coupled 
with the uniform mode through a nonlinear coupling 
coefficient. In this case, below 110 watts, the RF thresh- 
old of nonlinearity, the coupling coefficient is zero. Be- 
tween 110 watts and 3 kw the coupling coefficient in- 
creases from zero to some finite value, energy is coupled 
into a lossy spin mode, and the plateau is formed. But 
since the coupling coefficient increases as the input 
power is increased, energy is coupled into the spin mode 
at a greater rate than if the coupling coefficient were a 
constant. As the result, the plateau power level is a de- 
creasing function in this range of power levels. Because 
the spin modes require a certain time to build up, 0.1 
usec, the leading edge spike is formed. 

Above 3 kw the coupling coefficient is constant, but as 
one spin mode is saturated, higher order spin modes are 
excited until at 9 kw all possible spin modes are excited. 
This would explain the stabilized region from 3 to 9 kw. 
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Fig. 7—Output pulse shape vs input power for a ferrite 
limiter (Fig. 3 configuration). 
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Fig. 8—Limiting vs frequency for a ferrite 
limiter (Fig. 3 configuration). 


Above 9 kw, since all possible spin modes are saturated, 
the plateau power level rises. 

The trailing edge spike appears to be reactive energy 
stored in the spin modes which is recoupled from the 
spin modes to the uniform mode when the input RF 
power level is removed; 7.e., similar to the ringing of an 
inductance or capacitance after it is de-energized. The 
trailing edge spike is usually hidden by the plateau until 
the plateau amplitude is reduced to a sufficiently small 
value. 

In these tests, it was also observed that while the non- 
linear behavior of the ferrite reached a maximum for one 
value of magnetic bias field, the effect existed, to a lesser 
degree, at all magnetic bias fields below ferromagnetic 
resonance but never above. 

Bandwidth characteristics of the limiter (Fig. 3 con- 
figuration) are shown in Fig. 8. As can be seen, the mag- 
netic bias field must be programmed as a function of 
frequency if optimum limiting is to be expected over the 
desired bandwidth. This programming of the magnetic 
bias field can be reduced or perhaps even eliminated by 
the use of a nonuniform magnetic bias field or a different 
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ferrite geometry. At low RF power levels the limiter 
exhibits a maximum insertion loss of 0.9 db and a maxi- 
mum VSWR of 1.13 over the band. 


CONCLUSION 


In this paper several techniques for increasing the in- 
sertion loss of ferrite-loaded waveguide structures at 
high RF power levels have been presented, and the 
operating characteristics of a ferrite microwave limiter 
have been described. The most important problem ap- 
pears to be the distortionof the RF pulse waveform bythe 
ferrite limiter. While the plateau of the limited RF pulse 
has been reduced to 11 watts and further improvement 
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can reasonably be expected, the leading edge spike, be- 
cause of its large amplitude and long duration, is a more 
severe problem. Perhaps as we learn more about the 
mechanism of the ferrite’s nonlinear behavior, engineer- 
ing techniques can be found which will solve the spike 
problem by an appropriate waveguide-ferrite configura- 
tion or through the use of new ferromagnetic materials. 
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Nonreciprocity in Dielectric Loaded 
TEM Mode Transmission Lines* 


D. FLERI} anp G. HANLEY{ 


Summary—An analysis is presented of partially dielectric loaded 
strip transmission line from the point of view of ferrite applications. 
It is shown that the microwave magnetic field is elliptically polarized 
both at the dielectric surface and within the dielectric. The degree of 
elliptical polarization is expressed analytically as a function of the 
_ dielectric constant, the degree of dielectric loading, and the fre- 
quency. For specific values of dielectric constant and loading, a high 
degree of circularity may be made to exist at the dielectric surface 
over extremely broad frequency bands. Experimental data are pre- 
sented which are in accord with the theoretical predictions. 


INTRODUCTION 
\ GREAT variety of nonreciprocal propagation 


characteristics has been achieved at microwave 
frequencies through the use of ferrites. A neces- 
sary requirement for nonreciprocity is that the micro- 
wave magnetic field in the region of the ferrite be cir- 
cularly polarized.! This requirement is easily met in rec- 
tangular waveguide propagating the dominant mode?“ 


* Manuscript received by the PGMTT, July 7, 1958; revised 
manuscript received, September 2, 1958. This work was supported 
by the U. S. Air Force Cambridge Res. Center, Contract No. 
AF19(604)-2248. 

+ Sperry Gyroscope Co., Div. of Sperry Rand Corp., Great Neck, 
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and in circular waveguide propagating the circularly 
polarized TEn mode.*~ In coaxial line and strip trans- 
mission line propagating the TEM mode, however, the 
microwave magnetic field is linearly polarized at all 
points, and therefore any ferrite effects will be com- 
pletely reciprocal. It has been reported previously>* 
that partially filling the cross section of coaxial line with 
a dielectric serves to distort the mode pattern and create 
an almost true sense of circular polarization at the air- 
dielectric interface. This mode distortion technique 
thereby renders coaxial line suitable for nonreciprocal 
applications. In a similar manner, polarization conver- 
sion may be effected in strip transmission line by ap- 
propriate dielectric loading.’ Analysis of this latter 
transmission line structure forms the substance of this 
paper. 

The dielectric loaded strip transmission line con- 
figuration is shown in Fig. 1. The co-ordinate axes are 
chosen so that Z represents the direction of propaga- 
tion, and Y represents what will be referred to subse- 
quently as the transverse direction. It will be shown that 
the polarization is elliptical both at the dielectric surface 
and within the dielectric. The degree of elliptical polari- 
zation at the dielectric surface is a function of the dielec- 


5B. J. Duncan, L. Swern, K. Tomiyasu, and J. Hannwacker, 
“Design considerations for broadband ferrite coaxial line isolators,” 
Proc. IRE, vol. 45, pp. 483-490; April, 1957. ; 
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guide,” J. Appl. Phys., vol. 28, pp. 218-226; February, 1957. é 

7R. S. Mangiaracina and B. J. Duncan, “Nonreciprocal ferrite 
devices in TEM mode transmission line,” presented at Natl. 
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Fig. 1—Cross-sectional view of dielectric loaded strip 
transmission line structure. 


tric constant, the degree of dielectric loading, and the 
frequency. It is the purpose of this paper to derive 
analytically the equation which relates these quantities 
and to discuss, on the basis of the derived result, the 
choice of parameters which renders the structure suit- 
able for broad-band applications. 

Although the analysis is presented in terms of strip 
transmission line, it is valid within engineering accuracy 
for dielectric loaded coaxial line as well. 


DISCUSSIQN 


The microwave electric and magnetic fields in bal- 
anced strip transmission line propagating the TEM 
mode are purely transverse. However, if the structure is 
partially loaded with dielectric, a longitudinal com- 
ponent of the microwave magnetic field is required in 
order to satisfy the boundary conditions. This Z-ci- 
rected H field interacts with the X component of the 
microwave £ field to generate a Poynting vector in the 
transverse direction. Since a propagating mode exists 
in the transverse direction, the transverse resonance 
formulation may be used to determine the propagation 
constants of the transmission line system.® 

For ease of analysis, the dielectric loaded strip trans- 
mission line structure is replaced by a simpler equivalent 
circuit. This circuit and the relationship it bears to the 
original structure is shown in Fig. 2(a) and 2(b). Sym- 
metry allows the equivalent representation to be further 
simplified as shown in Fig. 2(c). A discussion of the 
various steps involved in formulating this equivalent 
representation is contained in the reference previously 
cited.® 

The equivalent width of the transmission line struc- 
ture, D, and of the dielectric, d, may be determined from 
the dimensions of the original structure as shown in 
Fig. 2. The ground plane separation, 6, strip width, 
w, and the quantity, t, are directly measurable. S is 
the distance of the open circuit plane from the edge of 
the center strip. In general, S is a function of frequency, 
but if the operating conditions are such that b/Ag never 
exceeds approximately 0.2, S may be represented by a 
constant independent of frequency. Under these con- 
ditions S is equal to (b/7) In 2. Thus, 


8G. Hanley, “The determination of propagation constants for 
partially filled strip line,” unpublished thesis, Polytechnic Inst. of 
Brooklyn, Brooklyn, N. Y.; June, 1957, 
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Fig. 2—Equivalent representation of the dielectric 
loaded strip transmission line structure. 
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The ratio, D/d, is referred to as the degree of loading. 

By the method of transverse resonance the field equa- 
tions for the dominant mode may be derived. These are 
obtained from a knowledge of the resonance voltage and 
current distribution and the mode functions of the uni- 
form waveguides in the transverse direction. 

There are two sets of field equations, one valid in the 
dielectric region, and the other valid in the air region.® 

In the dielectric region: 


Hy =0 (3a) 
Hy = I(Z)NV(0) cos [Re Y] (3b) 
hey 
Hz =j re I(Z)NV(0) sin [Re Y]. (3c) 
In the air region: 
Hx = 0 (4a) 
_ _ L(Z)NV(0) cos [herd] cosh [Melép — 27 
: cosh [| ky | (D — d)| (ap) 
pte _| ky | Z(2)NV(0) cos [Ard] sinh [| &y | (D— Y)] (46) 
kz cosh [| ky| (D — d)] 
where 


I(Z) =current distribution in direction of propaga- 
tion, 
N=normalization factor, 
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Fig. 3—The microwave magnetic field configuration in the 
dielectric loaded strip transmission line. 


V(0) =amplitude factor, 
kz =guide wave number = 27/),, 
ky =transverse wave number in air, 
= V (2m/Xo0)?— (27/d.)?, 
key = transverse wave number in dielectric, 
= V (2m/ho)e— (217/d,)”, 
D=equivalent width of transmission line structure, 
d=equivalent width of dielectric, 
Y =as defined in Fig. 2. 


In the dielectric region, the magnetic field variation is 
sinusoidal whereas in the air region the variation ex- 
hibits a hyperbolic dependence on transverse position. 
The field components are shown graphically in Fig. 3. 
The dominant mode is characterized by a guide wave- 
length smaller than that of free space. 

The degree of elliptical polarization may be repre- 
sented by the ratio of Hy to Hz. Thisratio is termed the 
polarization factor. The polarization factor depends on 
the dielectric constant, the degree of loading, and the 
frequency. The functional dependence of the polariza- 
tion on these parameters is easily found by forming the 
ratio Hy to Hz in both regions of the structure. 

In the dielectric region: 
Sate cot [Ay Y]. (5) 


eY 


Hy 
= ie 


Oe 


In the air region: 


Hy 


= coth [| ky | (D — Y)]. (6) 
Hz 


Qa 


| Ay | 


Qa is the polarization factor in the air region and a is 
the polarization factor in the dielectric region. Circular 
polarization corresponds to a factor of unity. It is clear 
_ from (6) that the polarization factor may never be equal 
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to unity in the air region since the quantity, kz/| ky| Las 
always greater than unity (since A, <o) and the hyper- 
bolic cotangent is never less than unity. Therefore, 
circular polarization does not exist in this region. 

Since the Y and Z components of the magnetic field 
are continuous at the dielectric boundary, Hy must be 
greater than Hz in the dielectric as well as in the air 
region. Hence, circular polarization does not exist at 
any point in this structure. It is obvious from the field 
configuration (Fig. 3) that the best sense of circularity 
exists at the air-dielectric interface. 

Eq. (5) provides the functional dependence of the 
degree of elliptical polarization on the dielectric con- 
stant, the degree of loading, and the frequency. The 
nature of this dependence is more easily illustrated 
graphically. 

Fig. 4 depicts the variation of the polarization factor 
at the dielectric surface as a function of wavelength 
(normalized with respect to the parameter, d) for sev- 
eral degrees of loading. At higher frequencies, 7.e., for 
d/2d less than approximately 3, the polarization factor 
is independent of the degree of loading. 

As the wavelength increases, the curves diverge. For 
a loading factor of one third, 1.e., for a D/d ratio of 3, the 
polarization factor remains less than 1.2 for \/2d be- 
tween 1 and 8.5. This represents more than an 8 to 1 
frequency band.® A polarization factor of 1.2 corre- 
sponds to a resonance attenuation ratio of about 20 to 
1 db if it is assumed that the only loss mechanism is the 
absorption by the ferrite of negative circularly polarized 
energy. A D/d ratio of 2 yields a polarization of 1.2 or 
less over approximately 5 to 1 frequency band. The band 
becomes increasingly narrow as the degree of loading is 
increased. 

Fig. 5 shows the variation of the polarization factor 
with normalized wavelength for various values of di- 
electric constant. The degree of loading for this case 
corresponds to a D/d ratio of 3. It is seen that the 
polarization factor increases without limit in the large 
wavelength region of the curve. This may be expected 
for at zero frequency, 7.¢., in the static case, Hz is equal 
to zero, and therefore, the ratio of Hy to Hz is infinite. 
The dual condition exists at short wavelengths and the 
ellipticity tends to infinity in this region as well. Be- 
tween these two extremes the polarization factor re- 
mains close to unity over a wide range of wavelengths. 
The higher the dielectric constant the lower and broader 
the characteristic becomes. This trend is offset, however, 
by the inception of higher order modes. The higher the 
dielectric constant, the lower is the frequency at which 
these modes may propagate. In many applications a 
dielectric constant of 10 represents a good compromise 
between a well-defined sense of circularity over a wide 
band and suitable mode purity. 


9 Mode pure operation exists only for \/2d greater than approxi- 
mately 4.5. When operation corresponds to \/2d less than 4.5 special 
effort must be made not to excite higher order modes. 
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Fig. 4—The polarization factor as a function of normalized 
wavelength for various degrees of dielectric loading. 
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Fig. 5—The polarization factor as a function of normalized 
wavelength for various values of dielectric constant. 
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Fig. 6—Typical attenuation characteristic of ferrite dielectric 
loaded strip transmission line structure. 


The foregoing analysis was conducted in an effort to 
determine the parameters which render dielectric loaded 
strip transmission line suitable for broad-band non- 
reciprocal ferrite applications. It was seen that for a 
dielectric constant of 10 and a D/d ratio of 3, the polari- 
zation factor at the air-dielectric interface remained less 
than 1.2 over an extremely broad frequency band. As 
was pointed out, a polarization factor of 1.2 corre- 
sponded to a resonance attenuation ratio in db of 20 to 
1 db. 

Experimental data are now presented which tend to 
confirm the results of this analysis. 


Fig. 7—Representation of ferrite dielectric loaded coaxial and strip 
transmission line test structure and tabulation of experimental 
results. 


Ferrite was positioned at the air-dielectric interface 
and forward and reverse wave attenuation was meas- 
ured as a function of applied magnetic field. Of course, 
these measurements cannot be used to test the theo- 
retical results quantitatively as ferrite loading causes 
considerable perturbation of the microwave field con- 
figuration. 

Fig. 6 is representative of the data taken. The ferrite 
was a low 47M, aluminate characterized by a narrow 
linewidth and extremely low loss away from resonance. 
The loss away from resonance was primarily that of the 
mode distorting dielectric. If this is subtracted from the 
forward and reverse loss at resonance, the resulting at- 
tenuation ratio is a measure of the degree of elliptical 
polarization of the microwave magnetic field within the 
ferrite. Measurements were made at several frequencies 
extending from 1000 to 4500 mc. Similar data were 
taken in coaxial line since the analysis of strip transmis- 
sion line was approximately valid for this type of line as 
well. 

The resonance attenuation ratios are tabulated in 
Fig. 7 below the corresponding structures. 

It is apparent from the data of Fig. 7 that a well- 
defined sense of circularity existed at the air-dielectric 
interface in both coaxial and strip transmission lines. In 
the coaxial structure the D/d ratio was approximately 3 
and the dielectric constant was 10. A high degree of 
circularity existed from 1500 to 4500 mc—a 3 to 1 fre- 
quency band. The dielectric loading of the strip trans- 
mission line structure corresponded to a D/d ratio of 2. 
The dielectric constant of the mode distorting medium 
was 9. The measurements indicated that a well-defined 
sense of circularity existed from 1500 mc to at least 
4000 mc. It was not feasible to make measurements at 
higher frequencies, but it is fairly safe to predict that 
this structure is suitable for applications extending over 
at least a 3 to 1 frequency band. 
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CONCLUSIONS 


It has been shown that in partially dielectric loaded 
strip transmission line the microwave magnetic field 
was elliptically polarized at the air-dielectric interface. 
The degree of elliptical polarization was a function of 
the dielectric constant, the degree of loading, and the 
frequency. An expression relating these quantities has 
been derived. For specific values of dielectric constant 
and loading, the polarization factor at the dielectric sur- 
face was shown to be 1.2 or less over very broad fre- 
quency bands. Measurements in ferrite loaded strip 
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transmission line and coaxial structures indicated the 
existence of a high sense of circularity at the dielectric 
interface over at least a 3 to 1 band. It is clear from the 
foregoing analysis and measurements that dielectric 
loaded strip transmission line and coaxial line are very 
well suited for broad-band nonreciprocal ferrite applica- 
tions. 
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Ferrite Phase Shifter for the UHF Region* 


C. M. JOHNSON} 


Summary—An extremely compact, low-loss, ferrite phase shifter 
has been developed for the 200 to 800-mc region. It consists of a 
folded stripline structure approximately 6} inches long and less than 
1 inch square in cross section. The device requires a longitudinal 
_magnetic field of sufficient intensity to place the operating region 
above resonance. For field swings of about 900 oersteds (from 430 to 
1250 oersteds at 400 mc), 360° change in phase shift can be obtained 
_ with about 1 db of loss. The phase shifter is reciprocal and shows 
- identical low-power and high-power characteristics up to at least 
10-kw peak. Some additional data are included on the operation of 
the phase shifter down to 10 mc and up to 2000 mc. 


INTRODUCTION 


EVERAL different types of electronically control- 
S lable ferrite phase shifters have been successfully 

developed for the microwave region. In the UHF 
region, however, ferrite devices capable of 360° phase 
shift have usually proven too lossy and bulky to be 
practical. 

In an attempt to overcome these difficulties in the 
_UHF region, a compact, folded stripline, ferrite phase 
‘shifter has been developed which produces 360° change 
in phase shift with very low loss over an extremely wide 
frequency region. 

This phase shifter is operated on the high-field side of 
resonance, requiring a relatively large magnetic field. In 
‘compensation, however, operation in this region elimi- 
~ nates the nonlinear effects usually observed at high RF 
power levels. This characteristic, along with the fact 
that the phase shifter is reciprocal, permits its use in 
both transmitting and receiving systems. 


* Manuscript received by the PGMTT, June 2, 1958; revised 


DESCRIPTION 
Construction 


Fig. 1 shows the phase shifter construction. The de- 
vice is about 63 inches long and consists of 5 layers of 
stripline. Each layer is loaded with two 0.40-inch X0.05- 
inch X6-inch strips of ferrite, one on each side of the 
center conductor. The center conductor is folded as 
shown to provide continuity between layers. Thus, the 
total length of ferrite through which the wave must 
travel is 32.2 inches, or 82 cm. 

Fig. 2 shows a photograph of the complete phase 
shifter. Input and output lines are standard RG-8/U 
cables. The transition to stripline is made simply by 
slotting the center conductor of the coax to receive the 
rectangular center conductor of the stripline and con- 
necting the coax shield to the stripline ground plates. 

In the model shown here the layers of stripline are 
fastened together by bolts spaced along the sides. These 
bolts also serve as electrical shorts between the ground 
plates. 

The dimensions of the stripline shown in Fig. 1 are 
such that 


€1 
/} — 
M1 


Zo = 115 ohms, 


where Z) is the characteristic impedance, « the relative 
dielectric constant, and wi the relative permeability. 
For «=11.5 and m~2, typical of the ferrite material 
used, Z) is approximately 50 ohms. The permeability, of 
course, is a variable here, and therefore it is not possible 
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to attain an exact 50-ohm impedance over the full range 
of phase shift. 


28 IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


Fig. 1—Cross section of folded stripline phase shifter. 


Fig. 2—Photograph of stripline phase shifter. 


The phase shifter has generally been operated in a 
longitudinal magnetic field supplied by a 12-inch long 
solenoid. The structure fits easily into the 14-inch inner 
diameter of the coil, and a reasonably uniform mag- 
netic field is attained (+5 per cent), since the device ex- 
tends only over the middle half of the solenoid. 


Ferrite Material 


Previous to our work, Chu Associates! made a series 
of measurements in the 225 to 400-mc region on }-inch 
long samples of ferrite materials shaped to fit a coaxial 
line. They found that phase shifts of 183° per db of loss 
could be attained at 400 mc and 169° per db at 225 me. 
Their best results were attained with nickel-cobalt- 
aluminum ferrites. 

In the phase shifter described here, type TT-414 fer- 
rite, manufactured by Trans-Tech, Inc., was used. This 
is a magnesium-manganese-aluminum ferrite with a 
saturation magnetization of 600 oersteds and a Curie 


1 Chu Associates, “Ferrite Feasibility Study,” Interim Dev. Rep. 
Soe Contract No. NObsr-72586; December 1, 1956-March 31, 
1957. 
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temperature of about 100°C. With this material in the 
stripline structure, we have measured phase shifts of 
400° per db of loss at 400 mc and 300° per db of loss at 
225 mc. These measurements, in contrast to Chu’s, were 
made on long samples of the ferrite (6-inch), and the 
attenuation includes conductor loss. 


MEASUREMENTS 


Fig. 3 shows schematic diagrams of the measuring 
systems used to determine the characteristics of the 
phase shifter. At low-power levels (milliwatts) a simple 
reflection scheme with one end of the phase shifter 
shorted was used to measure phase shift as a function of 
applied field. A phase shift of 180° is indicated by a half 
wavelength change on the slotted line. Input VSWR > 
was measured with one end of the phase shifter termi- 
nated in a 50-ohm load. Insertion loss was measured by 
first setting a reference level with the phase shifter re- 
moved from the circuit and then inserting the device 
and recording the attenuation for various values of mag- 
netic field. 
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Fig. 3—(a) Low-power measuring system. 
(b) High-power measuring system. 


At high-power levels (kilowatts) the phase shifter 
was located in the high-power line and terminated in a 
50-ohm load. A directional coupler was inserted in the 
line on each end of the phase shifter, and the low-level 
energy coupled from each of these points was sent in 
opposite directions through the slotted line. In this case, 
a phase shift of 360° produces a half wavelength change 
in the probe position. Input VSWR was measured by in- 
serting two identical directional couplers back-to-back 
at the input to the phase shifter and again sending the 
coupled signals through the standing wave machine in 
opposite directions. Insertion loss was measured in the 
same manner as for the low-power case, except that the 
crystal detector was isolated from the high-power line 
by a directional coupler. 
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Fig. 4—Phase shifter characteristics at (a) 400 mc, (b) 200 mc, and (c) 800 me. 


RESULTS 

Although the range of interest was originally 200 to 
600 mc, the characteristics of the phase shifter have 
been investigated over the frequency range from 2 mc 
to 2000 mc. The optimum region for the particular 
length and configuration chosen, however, appears to be 
300 to 600 mc. 

Typical characteristics of the phase shifter are shown 
in Fig. 4. At 400 mc, Fig. 4(a) indicates that for an in- 
sertion loss of 1 db, 360° change in phase shift (hereafter 
denoted as relative phase shift) is obtained when the 
magnetic field is changed from 430 to 1250 oersteds; 
AH=820 oersteds. The maximum VSWR over this 
range is 1.45. It can be seen from the graph that the in- 
sertion loss has its maximum value of 1 db at the low- 
field limit of 430 oersteds, and decreases to approxi- 
mately 4 db by the time the field reaches 700 oersteds. 
A phase shift of 360° can be obtained for ?-db loss, if the 
field swing is increased to cover the range from 460 to 
1600 oersteds. 

Fig. 4(b) shows a similar set of phase shifter charac- 
teristics taken at 200 mc. Here 360° phase shift is ob- 
tained with a 1.6-db insertion loss when the field is 
changed from 220 to 1500 oersteds; AH = 1280 oersteds. 
The maximum VSWR in this case is 1.8, again occurring 
at the low-field end of the range where the ferrite loss is 
beginning to increase. A better match in this region 
would result in a sizeable reduction in insertion loss. 
Even so, for optimum performance at 200 mc, the length 
of the phase shifter should be increased by about 25 per 
cent. In this case, the loss would be reduced to 1 db for 
360° phase shift, and the required field change would 
only be from 280 to 1180 oersteds (AH =900 oersteds). 
_ The 800-mc characteristics of the phase shifter are 
shown in Fig. 4(c). In this case, 360° phase shift is ob- 
tained for an insertion loss of 1.4 db and a field change 
from 730 to 1630; AH =900 oersteds. If the field limits 


were shifted to higher values, the insertion loss could be 
reduced to approximately 1 db. 

The loss values given in Fig. 4 are actual insertion 
losses uncorrected for VSWR. If a better match were at- 
tained at lower field values, then 360° phase shift with 
1-db loss could be attained for an appreciably smaller 
field change. 

From these four sets of data it can be seen that the in- 
sertion loss in the low-loss region is increasing with fre- 
quency, being less than 3 db at 200 mc and 1 db at 
800 mc. The rate of increase appears to be >+/p but 
<v, where v is the frequency. This indicates that the 
ferrite losses and the conductor losses are comparable. 
A calculation of the conductor loss for the stripline, as 
used here with copper conductors, gives 0.23-db loss at 
200 mc and 0.46-db loss at 800 mc, which indeed verifies 
that the two losses are comparable. 

From the data it can also be seen that the low-loss 
region is moving to higher values of magnetic field as the 
frequency increases, which, of course, it should, since 
the resonance region at higher frequencies occurs at 
larger fields. Eventually, the resonance reaches such a 
high field value that it is no longer practical to operate 
on the high side. 

As mentioned previously, measurements on the phase 
shifter were extended over a much wider frequency 
range than was at first anticipated. Fig. 5 gives a sum- 
mary of the data obtained from 10 mc to 2000 mc with 
the folded stripline of 82-cm total length. For conven- 
ience, the phase shift curves from 100 mc to 2000 mc are 
approximately normalized to an origin between 1500 
and 1600 oersteds. The lower frequency curves are be- 
ginning to approach saturation in this region. The loss 
curves shown here are corrected for the small reflection 
loss in order to make them more universally applicable. 

At 10 mc these curves show that approximately 90° 
phase shift can be obtained for a loss of 1 db. The opti- 
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Fig. 5—Summary of phase shift and loss characteristics of folded 
stripline phase shifter over the region from 10 mc to 2000 mc. 


mum region for this length shifter is indicated quite 
clearly as the 300 to 600-mc region. At 2000 mc the loss 
has reached 2 db, but the phase shift function has not 
approached saturation at our highest field value. At this 
frequency a much lower loss could be attained by mak- 
ing the device shorter and operating at higher fields. 

Temperature effects in the phase shifter were meas- 
ured by attaching a thermocouple to the ferrite and 
heating the device by driving the solenoid at high cur- 
rent with the ventilating fan off. Fig. 6 shows the effects 
obtained at 500 mc. Here the temperature is changed 
from 27.8°C to 43.3°C: (AT =15.5°C) for various field 
values from 665 to 1165 oersteds. When relative phase is 
plotted as a function of applied field with temperature as 
a parameter, the parametric curves are approximately 
parallel over the region examined. In the low-field region 
the phase shift change per degree temperature change is 
greater than in the high-field region. At any particular 
field value, however, the phase shift change per degree 
temperature change is approximately linear. 

Fig. 7 gives a comparison of the phase shifter charac- 
teristics at high, low, and intermediate powers. Three 
sets of measurements were taken at 715 mc. One set was 
taken with approximately 10 kw of peak pulsed power. 
The pulse length was 1 microsecond and the repetition 
rate was 500 cps. A second set was taken with this same 
source attenuated 25 db giving a peak output of 30 
watts, and a third set was taken with milliwatts of 
power modulated at 1000 cps. In the low-loss region no 
measurable difference exists in the phase shift or loss 
characteristics. As the side of the resonance is approached 
the loss curves begin to deviate. The loss curve for the 
lowest power begins to increase at the fastest rate, and 
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Fig. 7—Comparison. of phase shifter characteristics 
at various power levels. 


that for the highest power at the slowest rate. The phase 
shift curves begin to show a measurable deviation only 
at low fields after the loss has reached a high value. 
These characteristics indicate the onset of a saturation 
effect. 

Besides the foregoing major results, a few miscellane- 
ous observations should also be mentioned. 

First, the phase shifts obtained when a transverse 


1959 


magnetic field was applied to the device were consider- 


ably less than those obtained with a longitudinal field. 


The losses were also slightly greater. It should be em- 
phasized, however, that these results are only qualita- 
tive, since the field was not uniform. 

Second, at 1100 cps the ac modulation current 
through the solenoid gave about 40 per cent as much 
phase swing as a dc current equal to the peak-to-peak 
ac current. Thus, the stripline structure with shorting 
screws making dc contact with the ground plates shields 
the ferrite at high modulation frequencies. To overcome 
this difficulty the shorting screws should be designed to 
look like RF short circuits but de open circuits. 

Third, resettability of phase shift through the device 
is limited by the accuracy with which the current can 


_ be read (0.1 per cent or better). 


Fourth, a few measurements were made using differ- 
ent types of center conductors. A phosphor bronze con- 
ductor is more rugged than pure copper and was used 
at first, but since conductor loss is a major contributor 
to the total it had to be discarded in favor of the pure 
copper. A round copper center conductor (0.017 inch) 
was also tried, but less phase shift was obtained than 
with the rectangular type. This decrease was attributed 
to the proportionally greater effect of the air space be- 
tween the ferrite strips when a round conductor is used. 

Fifth, an attempt was made to measure yw; and «© for 
the long ferrite samples in the stripline by means of a 
sliding short technique. The results indicated that «4 ~11 
and u;~2, but for accurate results the conductors will 
have to be plated to the ferrite strips. 


DISCUSSION AND CONCLUSIONS 


The above results show that large differential phase 
shifts can be obtained with low loss over the entire 
VHF and UHF bands. In this frequency region the 
stripline structure as used for the foregoing phase 
shifter will ordinarily allow only the TEM mode to 
propagate, i.e., when loaded with the usual nongyro- 
magnetic dielectric. However, it has been shown theo- 
retically that a TEM mode cannot exist in a bounded 
gyromagnetic medium.” The exact mode configuration 
that does exist in this structure when loaded with a 
gyromagnetic medium is not clear at present, but the 


- Faraday rotation in the ferrite is certainly restrained. A 


similar type of restraint of the Faraday rotation has 


2 PS, Epstein, “Theory of wave propagation in a gyromagnetic 


medium,” Rev. Mod. Phys., vol. 28, pp. 3-17; January, 1956. 
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been found by Reggia and Spencer? in a rectangular 
waveguide structure loaded with a long cylinder of fer- 
rite magnetized longitudinally. 

The low losses, low VSWR’s, and wide range of opera- 
tion are strong indications that the phase shifter is 
operating in essentially a TEM mode. 

The TT-414 ferrite used in the phase shifter is a mag- 
nesium-manganese-aluminum ferrite with a line width 
at S-band of about 120 oersteds. It was suggested by 
C. L. Hogan that at field values several line widths re- 
moved from resonance, polycrystalline magnesium fer- 
rites have been found to have effectively much narrower 
line widths than the 3-db width indicates. This follows, 
since the line shape is not Lorentzian; it decays much 
more rapidly in the wings. Low-loss operation down to a 
few megacycles at fields of about 50 oersteds indicates a 
very narrow line width. 

Other ferrites have been tried in coaxial structures 
and were found to have very promising characteristics 
along with higher Curie temperatures. Extensive tests of 
these materials in the stripline device have not yet been 
carried out. 

The advantages of operation on the high-field side of 
resonance is pointed out quite clearly in Fig. 7, where 
the loss is constant from milliwatt power levels to 10-kw 
levels. Subsidiary resonances of the type that occur on 
the low-field side of the main resonance are not present. 

In summary, it appears that a ferrite-loaded folded- 
stripline structure magnetized longitudinally has a 
range of application as a phase shifter from a few mega- 
cycles to a few thousand mega-cycles. The structure is 
extremely compact and the solenoid size is relatively 
modest below frequencies of a thousand megacycles. 
(The actual design of the solenoid will depend on the 
switching time desired.) The length of the structure 
should be tailored somewhat to the operating fre- 
quency for minimum loss and minimum field swing. 
Actually, the last two parameters are mutually opposed. 
The field swings can be reduced considerably if a higher 
loss is permitted. 
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3 F, Reggia and E. G. Spencer, “A new technique in ferrite phase 
shifting of beam scanning of microwave antennas,” Proc. IRE, vol. 
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A Ferrite Serrodyne for Microwave 


Frequency Translation’ 
lied O’HARAf anv H. SCHARFMANT 


Summary—A ferrite serrodyne has been developed to produce a 
frequency translation of X-band microwave signals over ranges from 
zero to 50 kc. The device consists of an effiicent longitudinal field 
ferrite phase shifter and an associated electronic driver for generating 
the modulating sawtooth. Transmission or reflection operation is 
possible. A conversion loss of 1 to 2 db is obtained. Suppression of 
spurious output spectral components is 33 db or more for a 10-ke 
translation and 21 db for a 50-kc translation. 


INTRODUCTION 
Psa PAPER discusses the theory, design, de- 


velopment, construction, and performance of a 

ferrite serrodyne for translations of X-band 
microwave signals from 0 to 50 ke. It consists of an effi- 
cient longitudinal field ferrite phase shifter and asso- 
ciated electronic drive circuitry necessary to produce a 
periodic sawtooth of phase shift. These components are 
described in detail. 


THEORY 


The term, serrodyne, was coined to describe a class 
of modulators which can cause frequency translation 
by sawtooth transit time modulation of a signal. When 
used a bit more generally, this term also includes fre- 
quency translators using a sawtooth of phase modula- 
tion. A comprehensive analysis of serrodyne operation 
employing transit time modulation (TTM) has already 
been accomplished by Cumming,! and various success- 
ful serrodyne devices employing klystrons, TWT and 
microwave crystal modulators? have been described. 
The performance of the ferrite serrodyne discussed here 
is in terms of the criteria established by Cumming. A 
brief comparison is made between the TTM and phase 
modulation points of view. The phase modulation ap- 
proach appears to be the more appropriate formulation 
for the particular device discussed in this paper al- 
though TTM formulations are adequate to describe the 
small frequency translations encountered here. 

Consider a wave disturbance propagating along a 
transmission line of length, /, with the usual spatial and 


* Manuscript received by the PGMTT, May 19, 1958; revised 
manuscript received, September 8, 1958. 

{ Raytheon Manufacturing Co., Waltham, Mass. 

1 A general theory of serrodyne operation has been developed by 
R. C. Cumming and presented in two reports. “Frequency Trans- 
lation by Modulation of Transit Time Devices,” Applied Electronics 
Lab., Stanford Univ., Stanford, Calif., Tech. Rep. No. 39, ONR 
Contract N6 onr 25132, NR 373 762; August 1, 1955. “The serrodyne 
Leone translator,” Proc. IRE, vol. 45, pp. 175-186; February, 


2E, M. Rutz and J. E. Dye, “Frequency translation by phase 
Paes 1957 IRE WESCON Convention REcorp, pt. 1, pp. 
1207 


time variation, expressible as 

E = E, sin (wt — 832). (1) 
A frequency translation may occur at the output of this 
line in either of two ways; first, by a phase modulation. 
Consider a change in 6z such that 


(2) 


— (61) = constant = am. 
dt 


If Bl is considered Here as supplying a particular phase 
angle relative to the wt variation for a signal emerging 
from the given length 7 of the transmission line, and 
d(B1) =w,,dt as postulated, then it is evident that fre- 
quency translation has taken place under this phase 
modulation. A constantly increasing phase angle added 
to a sinusoid displaces its frequency. 


(3) 
(4) 


A displacement to a higher frequency may be had 
simply by changing the sign of d/dt(Gl). For the ferrite 
serrodyne discussed here, 6 is varied as a sawtooth 
function under the influence of an external applied 
magnetic field. Linear increase (or decrease) of 8 with 
time by 360 degrees followed by rapid flyback is used 
to achieve results similar to a continuously increasing 6. 

A second way to secure frequency translation is by 
the TTM of individual successive wave periods. Follow- 
ing the theory developed by Cumming, let a wave inci- 
dent upon the input of the transmission line section be 
broken into periodic intervals and represented as fol- 
lows. 


Eout = Ei sin (wt — wnt), 


Eout = Ei sin (w — wm)t. 


“ mes 
En = > By sina(s ~~) 
k=] 


w 
when 
(hi 1) = Ree (5a) 
w w 
En = 0 
when 
He Obamas 
t> (2k + 1)r/w. (5b) 


[See Fig. 1(a) and 1(b). | 
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Fig. 1—Transit time modulation. 
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In the absence of any TTM, the wave emerging at the 
output of the transmission line section may be repre- 
sented as 


Fout = af &, sin w(t = 7) 


when ay 
te — To/2<t<t + To/2 (6a) 
Eout = 0 
> when 
bE < ty — To/2 
RS te At Def 2 (6b) 


where 7» is the output wave period, t, =27k/w+T;, and 
T; is the transit time of the kth wave period. Here, 
Ty=1)=1/v=B61/w; for f as in (Sa): 


Faye = 3 Bxsin| w(t =\- a] 


k=1 eo 


has the form to be expected. 

Now introduce an ideal TTM in which a constant 
~ interval AT; is added to the transit time of each suc- 
cessive disturbance, so that 

2rk 2 
BST ga AT (8) 


k=1 


h, = — 
(a3) 
In this way the period of the output signal disturbance 

becomes longer than the input signal periods: 


[See Fig, 1(c).] This frequency translation has been ac- 
complished by maintaining the pure sinusoidal form of 
the output disturbances, but there is now a short, blank 
interval between them. This distortion limits the valid- 
ity of the TTM analysis, but a Fourier analysis of the 
output wave train shows that if A7;/Tin<1 the TTM 
formulation is sufficiently accurate.® 

Physical limitations of most modulating devices pre- 
clude infinite changes in transit time or phase shift as 
have been described. However, a sawtooth of transit 
time variation or of phase shift may be used as an ap- 
proximation to infinite continuous change. A spectrum 
of frequencies periodically spaced about the carrier at 
the sawtooth modulation frequency may be generated. 
The amplitude of the sawtooth is carefully chosen so 
that the periodic signal disturbances from one interval 
coincide with an extension of those disturbances from 
the preceding modulation interval and also into the 
following intervals. The resulting phase coherence in- 
sures that most of the output signal energy appears in 
one sideband adjacent to the carrier. The flyback dis- 
continuity produces a perturbation in the output wave 
train. For the ideal case of zero flyback interval and 
for relatively small frequency displacements, this per- 
turbation has negligible effect on the output spectrum 
since signal energy associated with it is negligible. 
Carrier and translated frequencies are related as follows. 


fo fe ha (11) 


where f, is the output frequency; f;, the input frequency ; 
fm, the modulation frequency; and m, an integer and 
modulation index, usually is taken equal to one. 


STRUCTURE OF THE FERRITE SERRODYNE 


The type of device presented here consists of an effi- 
cient longitudinal field ferrite phase shifter driven by a 


3 For AT; negative, the output signal function as constructed 
would be double valued where the signal intervals overlap. However 
the analysis is still valid since the amplitude and relative phase of an 
element in the output signal spectrum is the product of two separate 
frequency functions; one is a function only of the TTM employed 
and the other, a function only of the input waveform. Cf. Cumming, 
OP MC Dela. 

If the signal disturbances considered do not have waveforms 
filling the entire signal periods, but instead have a pulse character 
with a short duty cycle, the TTM analysis again becomes more 
accurate. This is the case treated by Cumming in his extended analy- 
sis of the serrodyne, where he developed the theory for particular 
application to klystrons and TWT. From the foregoing considerations 
it can be seen that a ferrite serrodyne is more accurately considered 
as phase modulated in the sense described above (in contrast to the 
definition of phase modulation employed by Cumming) rather than 
transit time modulated, but that for small time displacements per 
signal period, i.e., relatively slight frequency translations, the TTM 
analysis is sufficiently accurate to be useful. 
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Fig. 2—Cross-polarized phase shifter (transmission- 
type thruplexer serrodyne). 
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current sawtooth generator to produce the required 
sawtooth of phase shift in a microwave transmission 
line. The phase shift is accomplished by varying the 
phase propagation constant of a ferrite loaded wave- 
guide under the influence of the changing magnetic 
field. Several microwave configurations are possible, 
permitting the translated signal to be either transmitted 
through the device or reflected back along the line sup- 
plying the incident carrier. One such transmission de- 
vice consists of a thruplexer,4 quarter-wave plate, fer- 
rite line section, and a shorting plate.’ (See Fig. 2 and 
Fig. 5.) A linearly polarized carrier signal enters the 
thruplexer and in passing through the quarter-wave 
plate is converted to a circularly polarized wave. It then 
travels down and back through the ferrite phase shifter 
where it experiences the sawtooth phase modulation. 
After traversing the circular polarizer again, the emerg- 
ing microwave signal is converted back to linear polari- 
zation in a plane perpendicular to the incident carrier 
and, therefore, leaves the thruplexer by its side port. 
This constitutes a transmission serrodyne. The mag- 
netic modulating field is applied to the ferrite so that 
the sense of the circularly polarized wave in the ferrite 
and that of the current producing it is always the same, 
1.e., the wave propagates with the same 6 (6+ as defined 
by Hogan*) during the round trip through the phase 
shifter. This insures maximum phase sensitivity for a 


4 Orthogonal mode transducer. 
5 H. Scharfman, “Three new ferrite phase shifters,” Proc. IRE, 
vol. 44, pp. 1456-1459; October, 1956. 
°C. L. Hogan, “The ferromagnetic Faraday effect at microwave 
frequencies and its applications,” Bell Sys. Tech. J., vol. 31, pp. 1-31; 
January, 1952 
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Fig. 4—Turnstile serrodyne. 


‘ 


Fig. 5—Transmission-type thruplexer serrodyne. 


given applied magnetic field permitting a minimum 
amplitude for the driving current sawtooth. 

A reflection serrodyne is easily obtained from this 
transmission unit by inserting a 45-degree ferrite rotator 
between the thruplexer and the quarter-wave plate. 
(See Fig. 3.) The carrier is rotated 45 degrees before 
reaching the quarter-wave plate. After emerging from 
the quarter-wave plate in the return direction polarized 
perpendicular to the incident carrier, the translated 
signal is again rotated 45 degrees in the same direction 
as before and leaves coplanar with the carrier, thus pro- 
ducing a reflection serrodyne. 

A different microwave configuration also is suitable 
for service as a serrodyne. It consists of a turnstile 
junction that has the ferrite line section attached to the 
round arm and two short circuits set in the side arms.” 
(See Fig. 4.) If the differential path length of the two 
shorted arms is \g/4, and the length of one arm is an 
odd number of eighth wavelengths, then a signal enter- 
ing at the input of the turnstile is transmitted up the 
round arm circularly polarized. After traversing the 
ferrite line section and experiencing the sawtooth 
modulation, the translated signal is converted back to 
linear polarization and passes to the output of the turn- 
stile. Here again, we have a transmission-type serro- 
dyne. This unit may be more compact than the thru- 
plexer quarter-wave plate design, but it is inherently 
a more narrow band circular polarizer than an inductive- 
capacitive iris-type quarter-wave plate. (See Fig. 5.) 


™M. A. Meyer and H. B. Goldberg, “Application of turnstile 
junctions,” IRE TRANs. ON MicRowAvE THEORY AND TECHNIQUES, 
vol. MTT-3, pp. 40-44; December, 1955. 
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Fig. 7—Driving current vs frequency for various silver paint 
thicknesses (measured by insertion loss of serrodyne). 


CONSTRUCTION DETAILS 


The ferrite phase shift section used here consists of 
six inches of R-1 ferrite 0.240 inch in diameter inserted 


concentrically in a 0.625-inch-diameter rexolite rod 


with brass flanges attached to its ends. The rexolite is 
lightly silver painted to form a thin walled waveguide 
with negligible shorted turn effect to the modulating 


— coil outside. 


This modulating coil, multiple-pie wound for low 
distributed capacity, has 1050 turns over 5 inches and 
is so connected as to have an inductance of 2.5 mh. 
Low inductance and stray capacity for a given number 


- of ampere turns are important in securing rapid fly- 


back, a crucial parameter for good,serrodyne perform- 
ance, since the flyback interval is one half the self- 
resonant period of the coil. A dc coil to compensate a 
direct current component in the modulating signal is 


~ used to set the magnetic operating level in a region of 


s 


Pea LAN, 


linear phase shift; it is wound on a 14-inch phenolic 


tube and slipped over the rest of the phase shifter. A 


 rexolite button matches the ferrite line to 0.875-inch 


round waveguide with a VSWR under 1.2 across a 


23 per cent band at X band. 
The sawtooth current generator used here is variable 


both frequency and amplitude from 500 cps to 50 ke 
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and from zero to 400 milliamperes peak to peak. It con- 
sists of a high perveance driver driving the diode 
damped modulator coil. The current sawtooth is gen- 
erated through a current feedback loop controlled by a 
variable voltage sawtooth generator. (See Fig. 6.) Saw- 
tooth drive current required increases linearly from 145 
ma pp at 3000 cps to 225 ma pp at 50 kc. (See Fig. 7.) 
Total modulator power consumption is 60 watts plus 
tube heater power. 

A useful drive power index is the driver tube plate 
dissipation, here about 25 watts. However, acceptance 
of some performance degradation permits circuit sim- 
plification requiring less than 5 watts of drive power. A 
current sawtooth may be generated by merely impress- 
ing a large voltage spike across the coil and allowing it 
to integrate its own current sawtooth. 


PERFORMANCE 


For measuring the serrodyne performance, two quan- 
tities have been examined. The first is a video wave- 
form obtained from a crystal detector by mixing some 
of the translated output signal with some of the incom- 
ing carrier. (See Fig. 8.) The second is the output spec- 
trum of the translated signal. The video waveform 
provides an indication of the fractional flyback time and 
of any distortions that may be present in the sawtooth 
of phase shift. Correlation of this waveform with the 
driving current sawtooth indicates that the phase shifter 
is a very linear device, and that whatever distortion 
may be present is due primarily to a nonlinear current 
sawtooth. [See Fig. 9(a) for a sketch of a typical trace. | 
An adjustable phase shifter is included in the detector 
circuit so that the flyback perturbation may be moved 
along the video waveform and the entire wave shape 
examined for distortion. 

The output spectrum contains the following compo- 
nents. First, the translated output signal that is displaced 
by the modulation frequency either above or below the 
carrier depending on the sign of the phase shift saw- 
tooth. This signal, designated as the desired sideband 
(or merely as the sideband), is used as the reference 
power level for measuring the relative power levels of 
the other spectral components. Some carrier is present 
also. The first spectral element on the other side of the 
carrier has been designated the image sideband, and 
additional sidebands on this same side of the carrier are 
called higher order sidebands. The amplitude of these 
depends primarily on the fractional flyback time. The 
maximum amplitude of this group of sidebands is dis- 
placed considerably from the carrier. [See Fig. 9(b). | 
Higher sidebands on the same side of the carrier as the 
desired sideband are called higher harmonic sidebands, 
e.g., second harmonic and third harmonic sidebands. 
These are influenced principally by sawtooth waveform 
distortion, by incorrect sawtooth amplitude, 7.e., phase 
shift per sweep #360 degrees, and by an amplitude 
modulation of the residual carrier or of the sideband it- 
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Fig. 9—(a) Oscillogram of typical detected video waveform. 
(b) Oscillogram of typical microwave spectrum. 


self present due to imperfection in the circular polarizer. 
The sawtooth amplitude is a critical operating param- 
eter. It may be set by optimizing the output spectrum, 
or in the case where the available spectrum analyzer 
has insufficient resolution, by adjusting the video wave 
form to have equally spaced maxima and minima. The 
preceding designations for the various spectral compo- 
nents are quite arbitrary, but necessary since the spec- 
trum is reversible about the carrier depending upon the 
sense of the sawtooth drive. 

Performance criteria are conversion loss and sup- 
pression of undesired spectral elements relative to the 
desired translated frequency component. Conversion 
loss is due primarily to the phase shifter insertion loss— 
between 1 and 2 db for different units (see Fig. 7). 
Translation loss, due to the energy content of the rest 
of the spectrum consequent upon the serrodyne modu- 
lation, never exceeded 0.5 db; this agrees with theo- 
retical prediction. Conversion loss=20 log (1—F) 
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where F is the fractional flyback time. Suppression of 
spurious sidebands depends strongly on the optimum 
amplitude of the modulation sawtooth for given modu- 
lation and microwave frequencies, and also on the saw- 
tooth retrace interval. For typical results obtained with a 
transmission-type serrodyne using a thruplexer and 
quarter-wave plate see Table I. In spite of low carrier re- 
jection resulting from a circular polarizer with 1 db of 
ellipticity, the unwanted sideband suppression achieved 
agrees very well with the comparable theoretical values 
given by Cumming. 

Somewhat better performance was obtained using a 
turnstile junction to replace the thruplexer and circular 
polarizer as shown in Table II. Although the ellipticity 
was 0.3 db, the carrier suppression was limited by the 
input to output isolation of the turnstile which was 
only 24 db. 


PERFORMANCE LIMITATIONS 


The ferrite serrodyne limitations arise from the mini- 
mum attainable flyback time consistent with allowable 
driver plate dissipation from the modulation stand- 
point. On the microwave side, maximum thruplexer 
isolation, minimum circular polarizer ellipticity, and 
maximum phase shift sensitivity must be kept consist- 
ent with allowable size. A 2-microsecond flyback was 
attainable with 25 watts of driver plate dissipation 
with the structure described. A flyback time of the 
order of 0.5 usec with 100 watts of driver plate dissipa- 
tion appears possible. This would make operation up to | 
100-kc frequency translation feasible with a 5 per cent 
flyback and, correspondingly, about 25 db suppression 
of unwanted sidebands. Thruplexers are readily made 
with isolation greater than 50 db but ellipticity of the 
circular polarizer and the match looking from the polar- 
izer into the ferrite phase shift section limits the carrier 
rejection. Taking 30 db as an acceptable carrier rejec- 
tion, the polarizer must have less than 0.4-db ellipticity 
and the VSWR from polarizer into ferrite section must 
be less than 1.05. At X band the resulting thruplexer, 
polarizer, and ferrite phase shifter would be about 15 
inches long. 

The microwave bandwidth of such a device is largely 
limited by match and ellipticity considerations of the 
circular polarizer. The 15-inch structure indicated 
above could probably give greater than 20-db carrier 
rejection over about a 10 per cent band at X band. Ad- 
justments of de bias and ac drive would be required to 
get greater than 20-db carrier and sideband rejections 
at 100-watt drive at 100-ke translation frequency across 
the 10 per cent band. Conversion efficiency including 
microwave losses should be about 2 db. 


COMPARISON WITH OTHER METHODS OF 
SINGLE-SIDEBAND GENERATION 


Other types of single-sideband generators use transit. 
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as well as pairs of balanced modulators (ferrite and/or 
crystal) in complex microwave bridge circuits. In gen- 
eral, their operation and performance characteristics 
are not readily comparable with the ferrite serrodyne. 
_- The ferrite serrodyne is most directly comparable with 
- the continuously rotating half-wave plate using ferrite 
first described by Cacheris.’ Performance characteris- 
tics in terms of conversion loss, carrier rejections, and 
_ sideband rejection are similar. The ferrite serrodyne 
C does appear to be somewhat smaller, lighter, less com- 
plex, and requires less driving power. 


A ferrite single-sideband generator or frequency 
translator has been discussed. Its theory of operation, 
construction details, design parameters, and perform- 
ance characteristics have been reviewed. Satisfactory 
operation up to 50 kc of frequency translation has been 
reported with good correlation to theoretical treatment. 
Operation up to 100 kc of translation over 10 per cent 
of X band with 20 db of carrier and sideband rejection 
and conversion loss under 2 db seems feasible. 
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Broad-Band Ferrite Rotators Using Quadruply- 
Ridged Circular Waveguide’ 


H. N. CHAIT} anv N. G. SAKIOTIST 


Summary—It has been shown that the rotation of the plane of 
polarization of a wave propagating in a magnetized unbounded fer- 
rite medium should be independent of frequency. However this is not 
the case when a ferrite rod of small diameter is placed within a wave- 
guide. For example, if a ferrite rod one-quarter inch in diameter in a 
fifteen-sixteenth inch diameter circular waveguide is used, the rota- 
tion will change by a factor of four to one over the frequency band 
from 8000 to 10,000 mc. This variation in rotation is substantially due 
to the waveguide characteristics, and can be minimized by lowering 
the cutoff frequency of the waveguide. 

Various methods of lowering the cutoff of circular waveguide are 
compared. Data on the broadbanding of the rotation by dielectric 
loading and also by the use of quadruply-ridged circular waveguide is 
shown. An experimental study showing the effect of the ridge width 
and height on the cutoff of the circular waveguide and the frequency 
dependence of the rotation is discussed. 


ERRITE rotators have found wide application in 
fH: number of microwave devices. They are used as 

isolators, phase shifters, switches, modulators, 
duplexers, etc. In most of these applications it is highly 
desirable that the rotation be constant over the operat- 
ing bandwidth of the device. This paper describes some 
of the propagation studies carried on to determine the 
dependence of the rotation on various parameters of 
the waveguide configuration. 

The infinite medium theory predicted that the rota- 
tion of the plane of polarization of an electromagnetic 
wave passing through a magnetized ferromagnetic me- 
dium should depend on the path length through the 
medium, the dielectric constant, the permeability, and 
the magnetization of the medium. It is also predicted 
that the rotation would be independent of the fre- 
quency.! 

During the early phases of ferrite research it was 
thought that this infinite medium theory would apply 
in the case of guided wave propagation. In the center of 
a circular waveguide there are only transverse com- 
ponents of & and H, and the wave is similar to that of 
the infinite medium. However, it was found experi- 
mentally that rotation increased with frequency.? 

A number of methods have been used to obtain a 
rotation constant with frequency. For example, two 
oppositely magnetized rods of different diameters or 
different ferrite materials can be selected so that the 
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difference in rotation (z.e., the net rotation) remains 
more nearly constant with frequency. It is also possible 
to use a rod whose rotation increases with frequency in 
combination with a rod whose rotation decreases 
(negatively) with frequency. Both these methods have 
the disadvantage of higher loss, since an extra ferrite 
rod is required and both use larger magnets. 

A theoretical analysis of the propagation character- 
istics of the partially filled circular waveguide is very 
difficult and no exact numerical solution of the problem 
is available. However a perturbation theory for rods of 
small diameter has been derived by a number of work- 
ers. The rotation per unit length, 


- = 0.22y4rM (V7 a ee 
1 
(1) 


’ =gyromagnetic ratio (2.8 megacycles per orested) 
M = Magnetization 

r,=radius of ferrite rod 

ro =radius of waveguide 

fe=cutoff frequency of the waveguide 

f=operating frequency 

H=applied magnetic field. 


This equation shows that the rotation does indeed de- 
pend on the frequency, since the frequency appears in 
two terms of the equation. The frequency dependence 
of the rotation is determined, first, by how close the 
operating frequency is to the cutoff frequency of the 
waveguide, and, second, by how the ferrite character- 
istics change with frequency. It is evident that the rota- 
tion can be made more constant by lowering the cutoff 
frequency of the waveguide in relation to the operating 
frequency. This equation was used to calculate the 
change in rotation with frequency for waveguides which 
cut off at 6000 and 7500 me. Fig. 1 shows the results of 
this calculation. If, for example, one needed a rotator 
which could be used from 8000 to 10,000 mc and the 
waveguide cut off at 7500 mc, the rotation would change 
from 0.48 to 0.805 or 1.68 to 1. On the other hand, if a 
waveguide that cut off at 6000 mc was used, the rota- 
tion would change from 0.91 to 0.97 or 1.065 to 1, a 
rather substantial improvement. In addition, the rota- 
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tion per unit length would be increased from 0.48 to 
0.91 at 8000 mc, and from 0.805 to 0.97 at 10,000 mc. 
The first method of lowering the cutoff was to fill the 
waveguide with dielectric material. Although the rota- 
tion became more nearly constant, by about 2.5 to 1, the 
magnitude of the rotation did not seem to increase as 
predicted by the perturbation formula. Row R of 


_ Table I shows a summary of some of the data, the best 


being e=5. However it is possible that better results 


could be obtained by using a dielectric constant be- 
tween e=2.1 and e=5. Ripples on the curves for e=5 


yaks 


Teele. % nt pre ee! be 2 


ATG 


ae) all 


de ei 


and 10 indicated trouble from higher modes which 
could propagate in the dielectric loaded waveguide. 
Therefore, it was thought that this performance could 


_ be improved still further by utilizing a waveguide which 


had a lower cutoff for the dominant mode but did not 


- substantially reduce the cutoff for the next higher mode. 


This can be accomplished by the use of ridged guide.‘ 
On the other hand, in the case of the dielectric-filled 
guide, all of the cutoffs have been lowered by the same 


_ percentage. 


Even though the perturbation formula for the rota- 


4M. L. Kales and H. N. Chait, “Ridged Waveguide Rotator,” 
Naval Res. Lab. Progress Rep.; August, 1954. 


tion was not derived for the case of the ridged guide, it 
was hoped that qualitatively the results might still 
apply. This turned out to be the case. 

In order for the waveguide to support a circularly 
polarized mode, the waveguide configuration should 
present the same appearance to two orthogonal linearly 
polarized modes. For this reason, a structure utilizing 
two sets of orthogonal ridges was chosen. Data on ridges 
in circular waveguide was available only for the case of 
a pair of ridges. It was therefore necessary that a pro- 
gram of measurement of the cutoff of quadruply-ridged 
circular waveguide be undertaken. A number of sec- 
tions of ridged waveguide were built having the dimen- 
sions shown in Table II. 

The guide wavelength of these sections was measured 
at a few frequencies and then the cutoff was calculated 
from the formula 


r 
SEY SIRI SCE 
a) 
‘ Ne 
\=operating wavelength 


d\, =guide wavelength 
d. =cutoff wavelength. 


Ag = (2) 
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Fig. 2—The dependence of the cutoff wavelength on the 
dimensions of the ridged waveguide. 
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The results are plotted on Fig. 2. As shown, the cutoff 
wavelength of the guide can be lowered from 4.06 cm 
(7390 mc) to 7.3 cm (4110 mc) by the choice of the 
proper ridges. 

The rotation vs frequency at different applied fields 
was measured for each of the ridged sections containing 
ferrite rods. Fig. 3 shows a typical set of curves. 

Data was taken on samples of R-1, 0.250, 0.225, and 
0.200 inch in diameter as well as Trans Tech 390, 
0.253 OD by 0.125 ID in each of the ridged sections. 
Table III shows some of the results of ridges § inch 
thick. 
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It is evident from this data that lowering the cutoff 
of the waveguide by the use of ridges does indeed pro- 
duce the two changes predicted by the perturbation 
equation, even though the ferrite rods used were not 
small. Substantial improvement in the constancy of the 
rotation and the rotation per unit length are obtained. 

A logical conclusion would be to combine the ridges 
and the dielectric loading. A section of guide was built 
using the § inch Xy% inch ridges surrounded with poly 
(€ = 2.56). Whereas the ridges alone gave a 2 to 1 varia- 
tion in rotation, the combination was 1.6 to 1, with, 
however, a reduction in the rotation per unit length. 

The losses of the various combinations studied were 
so low that they could not be measured with sufficient 
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accuracy to determine a merit figure. 

Fig. 4 shows the results obtained on the broadbanding 
of a 90 degree rotator from 8000 to 9600 mc. A cylinder 
of TT-390, 0.253 OD X0.125 ID X2 inch long was used 
in the § inch X¥% inch ridged waveguide. The rotation 
is constant within 2 per cent over the entire frequency 
range. 

The propagation studies have shown that the per- 
turbation theory is qualitatively applicable even in 
cases where the perturbation may be quite large. The 
results indicate that the quadruply loaded ridged cir- 
cular waveguide with or without dielectric loading offers 
a very good transmission path for broadband rotation 
devices used in low peak power or in CW applications. 
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Fig. 4—Rotation vs frequency of a 90-degree rotator with and without ridges. 
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Present State of the Millimeter Wave Gener- 
ation and Technique Art—1953" 


P. D. COLEMAN? anv R. C. BECKERT 


Summary—Two of the few fruitful approaches to the low milli- 
meter and submillimeter wave generation problem appear to be fre- 
quency multiplication by means of nonlinear phenomena and fre- 
quency conversion by parametric systems. Current work on frequency 
multiplication using relativistic megavolt beams, crystal diodes, field 
emitters, ferrites, etc., is reviewed. A brief account of present efforts 
to extend conventional tubes below wavelengths of 3 mm is pre- 
sented. Waveguide components used at 1 to 2 mm are described. 


INTRODUCTION 


N SPITE of the fact that Nichols and Tear! suc- 
if ceeded in closing the gap between infrared and 

electric waves in 1923 using the radiation from high- 
pressure quartz mercury lamps, the generation of 
electromagnetic radiation in the wavelength range from 
roughly 0.1 to 3 mm remains today an unsolved prac- 
tical problem. Moreover, even an idea that might lead 
to a prime, self-excited source of radiation has yet to be 
suggested as far as the authors are aware. It is somewhat 
annoying that of the enormous range (greater than 18 
orders of magnitude) of the electromagnetic spectrum, 
only a small range of frequencies in the submillimeter 
range cannot be generated. 

Most of the effort to push into this frontier region has 
come from the microwave side of the spectrum since 
microwave electronic sources are coherent generators 
of smooth sinusoidal signals as opposed to incoherent, 
continuous spectrum infrared sources. However, this 
progress, frequency-wise, has been rather slow.?-7 

In 1936, Cleeton and Williams® achieved a wave- 
length of 6 mm using a magnetron. In the last 22 years, 
magnetrons have only been extended by a factor of two 
to a wavelength of 2.6 mm by a group at Columbia Uni- 
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versity.® The lowest wavelength commercial magnetron 
operates around 4.3 mm. 

By 1946, Lafferty!® had achieved a wavelength of 
4.15 mm with a reflex klystron tube. Twelve years later, 
the highest frequency klystron available is the DX151 
which operates between 4.0 and 4.5 mm wavelength. 

In 1951, Millman!! was able to build a traveling- 
wave tube amplifier for 6-mm wavelength. More re- 
cently, in 1957, Karp! produced a wavelength of 1.5 
mm by means of a ladder structure backward-wave 
oscillator. 

The preceding historical facts indicate that, fre- 
quency-wise, microwave tubes have been extended by a 
factor of less than five in the last two decades. 

All electron tubes utilize the same basic interaction 
between an electron and an electromagnetic field, 
namely, the force equation 


dm = = 
ents gE + qo X B). (1) 


If the dot product of the velocity # on both sides of (1) 
is performed, then 
dmc? dé 


i =o ioe = © (2) 


which states that the power @ flowing into the electro- 
magnetic field is equal to the time rate of change of the 
kinetic energy & of the charge g, where v is the electron 
velocity, c is the speed of light, and E is the electric 
field intensity. To achieve coherence, the electron beam 
must be bunched or converted into an ac beam. 

The problem of producing a bunched beam to interact 
with an RF field has been achieved in many different 
ways in such tubes as magnetrons, klystrons, TWT, 
BWO, retarding field tubes, crossed field tubes, carcino- 
trons, etc. However, no matter how the interaction is 
achieved, all these tubes encounter essentially the same 
fundamental problems? as they are pushed into the low 
millimeter wave region. It is always possible, but highly 
improbable, that a radically new method of realizing 
the interaction will be discovered that would permit 
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circumventing existing tube problems. 


For reasons such as those just indicated, many people 
now feel that conventional electron tubes have reached 
their practical limit somewhere around 2 to 3-mm wave- 
length and that in order to push on further into the 
submillimeter range an entirely new set of techniques 
will be required. 

In the past several years many of the workers who 
have been in millimeter wave research, and especially 
the newer workers, are turning their attention to solid- 
state electronics. While the recent work on masers, 
ferrite multipliers, parametric oscillators, etc., has not 
as yet produced electromagnetic radiation of wave- 
lengths which are not already obtainable by electron 
tubes, there seems to be a note of optimism that a 
breakthrough will come. It should be pointed out that 
electron tubes are an important part of the work on 
these solid-state devices since these devices, at present, 
convert energy at one RF frequency into energy at an- 
other RF frequency, thereby requiring an RF source of 
energy. 

In this paper, an effort will be made to present, by a 
limited number of specific examples, some of the repre- 
sentative work currently in progress in the millimeter 
region, to point out the problems these endeavors are 
encountering, and to indicate the directions that re- 
search is taking either to solve the present problems or 
to discover new principles to circumvent the old prob- 
lems. 


LIMITATIONS OF CONVENTIONAL ELECTRON TUBES 


In a survey article in 1950, Pierce? discussed four 
fundamental problems that plague conventional tubes 


7 operating in the low millimeter range: 1) physical size 
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and tolerance, 2) heat dissipation, 3) circuit losses, and 
4) cathode and starting current densities. 

The resonant element or tube structure has its cross- 
sectional area comparable to a half wavelength in 
physical size if it operates in the dominant mode. Hence, 
constructability in the small dimensions becomes the 
sole practical criterion in choosing circuit structures. 
In slow-wave structures, tolerance problems in main- 
taining periodicity are important. Reflections on the 
slow-wave structure result in constructive and de- 
structive interference between the wave components, 
thereby causing the output power to have appreciable 
“fine structure” as the frequency is swept. 

Circuit losses increase with frequency, thus lowering 


the efficiency of the tube. In order to maintain the out- 
put power constant, greater input power is necessary to 


compensate for the losses, with the result that more 
heat is dissipated in the structure. However, with the 
tube structure shrinking in size as the design frequency 
is increased, dissipation of the heat by conduction and 


radiation is a major problem. 


In reflex klystrons, the starting current density is 
proportional to the five-halves power of the frequency. 
In backward-wave oscillators, such as those described 
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by Karp,” the longitudinal electric field component £, 
falls off exponentially away from the circuit, decaying 
to a negligible value in a distance small compared to 
the thickness of the beam. Thus the beam current has 
physical significance only when expressed as density 
and when considered as having a “skin effect.” These 
current density problems place difficult requirements on 
cathode emission. 

Fig. 1(a) shows a drawing of a reflex klystron made 
by Lafferty’ in 1946. One of his tubes achieved a wave- 
length of 4.15 mm, a value exceeded today only by the 
Amperex DX151 klystron which operates in the range 
of 70 to 75 kme. Lafferty comments in his paper that it 
is doubtful if oscillations of wavelengths appreciably 
shorter than 4 mm can be obtained by the velocity 
modulation reflex principle until new cathodes are de- 
veloped with considerably higher emission current 
density, or some radically new gun design is invented 
for producing electron beams of extremely high current 
densities. 


TAPE 
0.0005 x 0.003" 


RIDGE WAVEGUIDE 0.061"x0122" 
WITH 0.022 RIDGE. 


(b) 


ic. 1—Millimeter wave tubes. (a) Lafferty (1946) reflex klystron 
eT ety cacea (b) Karp (1957) ladder structure 1.5-1.7 mm. 


Fig. 1(b) is a schematic drawing of the “ladder struc- 
ture” BWO as described by Karp.” This tube has pro- 
duced oscillations as low as 1.5 mm, the shortest wave- 
length produced thus far with an electronic self-excited 
oscillator. Karp comments that the circuit parameter of 
almost overwhelming importance is the circuit “cold” 
loss and that recognition of the dominating influence of 
the loss should govern future work. Reduction of the 
loss is a very urgent need in trying to reach still shorter 


wavelengths. 
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OUTPUT GUIDE 


COAXIAL QUARTZ 


SECTION 


GU 


STAINLESS 
STEEL TUBE 


ELECTRON HELIX 
BEAM 
(a) 


ANODE DIA. 0038", 
RES. DIA. 0064 
RES.DIA. 0.084 


(b) 


Fig. 2—Millimeter wave tubes. (a) Christensen-Watkins helix BWO 
tube (1955) 4.5-6.0 mm. (b) Bernstein-Kroll Columbia magnetron 
(1954) 2.6 mm. 


Fig. 2(a) illustrates a helix millimeter-wave tube de- 
scribed by Christensen and Watkins.¥ This tube oper- 
ates in the range 4.5 to 6.0-mm wavelength. They com- 
ment that the CW power output of their present design 
is limited by helix dissipation (the helix temperature is 
1300°C). They calculate that increased circuit loss plus 
reduction in beam current due to the decrease in cross 
section would place a lower limit on the wavelength of 
2.4 mm using the current density and beam voltage 
employed in their tube. 

Fig. 2(b) shows a rising-sun type magnetron struc- 
ture which Bernstein and Kroll" have pushed to a wave- 
length of 2.6 mm. These tubes have been designed for 
“low field” operation. They report a peak power output 
of 1 and 2 kw with an efficiency of 1 per cent and a life- 
time of several hours. 

The above examples clearly illustrate the four funda- 
mental problems encountered by conventional tubes 
as their wavelength is pushed into the low millimeter 
range./© Improvement in the art will undoubtedly per- 
mit the wavelengths of present tubes to be reduced still 
further, but what is really needed is a new generation 
principle or science to reach 1 mm and lower wave- 
lengths. 


EXAMPLES OF COMMERCIALLY AVAILABLE 
MILLIMETER WAVE TUBES 


In Figs. 3-5, a representative list of unclassified tubes 
in the 20 to 90-kmc range is presented for the benefit 


18 W. V. Christensen and D. A. Watkins, “Helix millimeter-wave 
tube,” Proc. IRE, vol. 43, pp. 93-96; Janury, 1955. 

14M. J. Bernstein and N. M. Kroll, “Magnetron research at 
Columbia Radiation Laboratory,” IRE Trans. on MICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-2, pp. 33-37; September, 1954. 

6 R. L. Bell and M. Hillier, “An 8-mm klystron power oscillator,” 
Proc. IRE, vol. 44, pp. 1155-1159; September, 1956. 
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Fig. 3—Klystrons (representative list). 
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Fig. 4—Magnetrons (representative list). 
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Fig. 5—Backward-wave tubes (representative list). 


of those persons who may be considering work in the 
millimeter range for the first time. These tubes were 
taken from a special list of microwave tubes supplied by 
the Advisory Group on Electron Tubes.'® This Group 
follows the progress of electron tubes both under de- 
velopment or in production in the U.S.A. By establish- 
ing a “need-to-know,” the Advisory Group will supply a 
list of both classified and nonclassified tubes to all in- 
terested persons. The VC number indicated for the tube 
is the Advisory Group’s index number for that particu- 
lar item. 

It will be observed that above 60 kmc (5-mm wave- 
length) about the only available commercial tube is the 
Amperex DX151. Elliott Brothers, England, plans to 
bring out a 20-watt magnetron in the range 70 to 75 
kme, perhaps within the next year. The status of the 
CSF French tube, listed as Advisory Group No. VC3117, 
is not known. 

WAVEGUIDES—-CONNECTORS 


Attempts to extend microwave components and tech- 
niques into the low millimeter or submillimeter range 
is almost as difficult as extending microwave tubes into 
the same range. It may well be that around 1-mm wave- 
length both microwave tubes and techniques will be 
abandoned and replaced by hybrid microwave-phys- 


16 Advisory Group on Electron Tubes, 346 Broadway, New York 
1SEN AY. 
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ical optics methods. However, there is considerable 
advantage in extending techniques as far as practical. 

JAN rectangular waveguides for the 30 to 300-kmc 
range are given in the Armed Services Index of RF 
Transmission Lines and Fittings. Table I lists the RG- 
96, 97, 98, and 99/U sizes that have been in use for 
many years. They can be obtained from a number of 
manufacturers. Unfortunately, the RG-135, 136,513 7% 
138, and 139/U guides are not commercially available at 
the present time. These smaller guides are planned to 
have a circular exterior geometry and are envisioned to 
be made by electroforming as opposed to being extruded 
or drawn. 

Most workers in the millimeter field are presently 
using the nonstandard G, F, and E rectangular guides!” 
made by Horton-Angell Company of Attleboro, Mass. 

Essentially two problems are encountered in milli- 
meter waveguides: 1) small physical size, and 2) ex- 
cessive attenuation. The modes used on the common 
waveguides are shown in Fig. 6 and attenuation char- 
acteristics are compared in Fig. 7, where all dimentions 
are given in inches. 

It is seen that F-band guide operating in the TE, 
mode has a theoretical attenuation of the order of 8 to 
9 db per meter, a value so large as to severely limit its 
uses in many practical situations. The use of a TEy 
mode in a cylindrical guide has a similar attenuation. 
However the TEo: mode in cylindrical guide has an at- 
tenuation which decreases indefinitely with increasing 
frequency since the currents in the guide walls approach 
zero. For this reason, the TE ; mode has been studied 
rather intently by workers seeking to propagate milli- 
meter waves over long distances.’ One of the difficulties 
with this mode is that any asymmetry or bending of the 
guide produces currents in the walls with a correspond- 
ing attenuation. However, a reduction of the TEq 
transmission loss in a bend can be realized by adding 
suppressors for the unwanted TMi mode generated in 
the bend region.!8 

Hybrid modes on dielectric rods and tubes have been 
under study for some time.!*~*! These modes have longi- 
tudinal components of both E and H and are designated 
as HEM modes. In addition, these modes are sometimes 
called HEnn or EHnn, depending upon whether they re- 
semble more strongly an H(TE) mode or an E(TM) 
mode, respectively. The attenuation of the hybrid 


17 W. Gordy, et al., “Microwave Spectroscopy,” John Wiley and 
Sons, Inc., New York, N. Y., ch. 1; 1953. 

18S, E, Miller, “Notes on methods of transmitting circular elec- 
tric waves around bends,” Proc. IRE, vol. 40, pp. 1104-1113; Sep- 
tember, 1952. ’ 

19 WW. M. Elsasser, “Attenuation in a dielectric rod as wave guide,” 
J. Appl. Phys., vol. 20, pp. 1193-1196; December, 1949. 

20 C, Chandler, “An investigation of dielectric circular rod as 
wave guide,” J. Appl. Phys., vol. 20, pp. 1188-1193; 1949. 4 

2 RE. Beam et al., “Investigation of Multi-Mode Propagation in 
Waveguides and Microwave Optics,” Northwestern University, 
Evanston, Ill., performed under U. S. Army Signal Corps Contract 
No. W36-039, sc-38240; May 1, 1949 to November, 1950. 
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TABLE I 
MILLIMETER WAVEGUIDES 
Zw) 
ms Ris 
+} ¢ + 
i Inside Dimensions Outside Dimensions 
= Sybase = b d . Material Distributor 
Type Wavelength a ae : 
Pea ETAL (inch) (inch) (inch) (inch) (inch) 
Silver Demornay Bonardi 
RG-96/U 26.50— 40.00 11.30-7.50 0.280 0.140 0.360 0.220 Corea Gad Gchutiee 
.192 Silver Demornay Bonardi 
RG-97/U 33 .00— 50.00 9 .09-6 .00 0.224 0.112 0.304 0.19 Cid Scheeie? 
.154 Silver Demornay Bonardi 
RG-98/U 50.00— 75.00 6.00—4 .00 0.148 0.074 0.228 GELS eR ee 
0.141 Silver Demornay Bonardi 
RG-99/U 60.00— 90.00 5 .00-3 . 30 0.122 0.061 0.202 Gener Cad Schiteed 
RG-138/U 90 .00-140 .00 3.30-2.14 0.080 0.040 0.156 
— .034 0.135 0.094 Silver Horton Angell 
G 100 .00-150 .00 3.00-2 .00 0.075 0 Ce 
RG-136/U | 110.00-170.00 2.73-1.77 0.0650 0.0325 0.156 
RG-135/U | 140.00—220.00 2.14-1.36 0.0510 0.0255 0.156 
— — 04: 0.022 0.107 0.080 Silver Horton Angell 
F 150.00—230.00 2 .00-1.30 0.049 ae 
RG-137/U | 170.00—260.00 1.77-1.15 0.0430 0.0215 0.156 
RG-139/U | 220.00-325 .00 1.36-0.92 0.0340 0.0170 0.156 
E 230 .00-350 .00 1.30-0.85 0.033 0.016 0.097 0.080 Silver Horton Angell 
Copper 
YLLLLLY ALLA E LINES HEMnu “dipole” mode of the dielectric rod is plotted in 
ie “Beleleie ma ele ores 4 : < 
ana, sels lwete! sists Fig. 7. This mode has no cutoff frequency and is pre- | 
ejore ©; %0,0,8 cele : as : 
4 y slat: Gelelele see —--- HUNES ferred from the mode conversion point of view. 
4 JZ 


(a) 


(d) 


(Ean 


WITLI LLL LILA LL PLE 

Fig. 6—Field patterns for waveguide modes. (a) Rectangular wave- 
guide—TEy mode. (b) Circular waveguide—TE mode. (c) Di- 
electric rod waveguide—HEMn mode. (d) H-type waveguide— 
HEMn mode. 


As is seen from the figure, a dielectric rod can provide 
a much smaller attenuation than metal guides, except 
for the TEo: mode in cylindrical guide. However, the 
problems of supports, bends, and shielding are not eas- 
ily solved. Moreover, the lower the loss, the more diffi- 
cult these problems become. Dielectric image lines?» 
show promise of convenient application in bends and 
straight sections in the millimeter range but their cross- 
sectional area decreases rapidly with decreasing wave- 
length. Single-conductor, surface-wave transmission 
lines,?4-*® which have an attenuation which is less than 


2 D, D. King, “Properties of dielectric image lines,” IRE TRANS. 
ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-3, pp. 75-81; 
March, 1955. 

8 J. C. Wiltse, “Some characteristics of dielectric image lines at 
millimeter wavelengths,” presented at MTT Symp., Stanford, Calif.; 
May, 1958. 

*G. Goubau, “Single-conductor surface-wave transmission 
lines,” Proc. IRE, vol. 39, pp. 619-624; June, 1951. N 

_ *% G. Goubau, “Surface waves and their application to transmis- 
sion lines,” J. Appl. Phys., vol. 21, pp. 1119-1128; November, 1950. 

26 Rotman, “A study of single-surface corrugated guides,” 

Proc. IRE, vol. 39, pp. 952-959; August, 1951. 
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Fig. 7—Comparison of the theoretical attenuation characteristics of waveguides suitable for millimeter wavelength applications. 
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metal waveguides, have found applications in connec- 
tion with antennas. 

The H_ guide?” and duo-dielectric parallel-plane 
waveguide,?® consisting of two parallel conducting 
planes with one or two dielectric slabs between them, 
have valuable properties for millimeter wave propaga- 
tion. Tischer reports that one of the hybrid modes, the 
HEM, which is plotted in Fig. 7, has an attenuation 
which decreases with increasing frequency similar to 
the TE in cylindrical metal guides. The special features 
claimed for this guide are 1) the nonexistence of longi- 
tudinal currents which permits two sections of the guide 
to be readily joined without special connectors, 2) 
cross-sectional dimensions greater than those of rec- 
tangular guide, and 3) easily fabricated circuits can be 
made using the guide. However, as far as the authors 
are aware, there have been no experimental data pre- 
sented to verify the decreasing attenuation of this mode 
in the H guide with increasing frequency. 

The Armed Services Index does not list any con- 
nectors for guides beyond RG-99/U but it is assumed 
that they might be similar to the UG-387/U cover 
flanges used with RG-99/U guide. A design of the con- 
nector used with the G, F, and E guides by the Ultra- 
microwave Group at Illinois is shown in Fig. 8. This 
connector consists essentially of two basic parts, a 
knurled screw ring and a punched disk. Alignment does 
not depend on dowel pins but on waveguide tolerances 
both on the outside and inside dimensions. The con- 
nectors are readily joined together and provide a very 
sturdy joint which is not easily bent out of shape. 


DETECTORS 


The three types of detectors most commonly used in 
the low millimeter range are: 1) the silicon crystal, 2) 
the Wollaston wire bolometer, and 3) the Golay cell.?9 

A variety of crystal mounts have been designed by 
workers in the field, but they are essentially only of two 
basic types: the type where the crystal dicing is mounted 
directly in the guide, and the type that employs a 
cartridge crystal such as the 1N26 and 1N53. 

Fig. 9 illustrates a typical design®® using a cut-down 
1N26 or 1N53 cartridge. Here, the outer conductor of 
the cartridge has been machined down to the dielectric 
bead so as to expose the center conductor. This cut- 
down cartridge plugs into a fingered sleeve soldered 
onto one wall of the waveguide. The center conductor 
of the crystal mates with the center conductor of a BNC 
connector which has been modified to include either a 


27 F, J. Tischer, “H-guide—A new microwave concept,” Elec- 
tronic Ind. Tele-Tech, vol. 16, pp. 50-51, 130, 134, 136; November, 
1956. Also, “The H-guide, a waveguide for microwaves,” 1956 IRE 
CONVENTION RECORD, pt. 5, pp. 44-47. 

8 R. A. Moore and R. E. Beam, “A duo-dielectric parallel-plane 
waveguide,” Proc. NEC, vol. 12, pp. 689-705; 1956. 

29M. J. E. Golay, “A Pneumatic Infra-Red Detector,” Rev. Sci. 
Instr., vol. 18, pp. 357-362; May, 1947, 

80 H. C. Torrey and C. A. Whitmer, “Crystal Rectifiers,” M.I.T, 
ere Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 
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Fig. 8—G- and F-band waveguide connector (butt type). 
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Fig. 9—Crystal cartridge type detector. 


choke or bypass condenser. A movable short is included 
in the waveguide for tuning. Also the crystal can be 
moved up and down or rotated in the fingered sleeve 
for maximum output signal. 

Fig. 10 shows a typical design of the in-guide crystal 
dicing mount.*!? Tn this unit the pressure of the tung- 
sten cat-whisker against the crystal can be adjusted by 
advancing or retracting the crystal chip which is 
mounted on a differential screw. Sharpness of the 
whisker point is critical in this device. The radius of 
curvature of the tip is usually made to be of the order 
10~ inches or less. 

Fig. 11 illustrates an in-guide mount with fixed tun- 
ing.*? Here a tapered ridge from the rectangular guide is 
used to broadband the device and achieve an RF im- 
pedance match. The crystal chip is mounted on a flat 
spring built into the ridge to provide the contact 
whisker pressure. 


**W. C. King, “Millimeter wave spectroscopic components,” 
IRE Trans. oN MIcROWAVE THEORY AND TECHNIQUES, vol. MTT-2, 
aN podauie 1954. 

. H. Townes and A. L. Schawlow, “Microwave Spectroscopy,” 
McGraw-Hill Book Co., Inc., New York, N. Y., ch. he 1955. ea 
%8 Microwave Associates, Burlington, Mass., Catalog 58S; 1958. 
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Fig. 10—Crystal-in-guide type detector. 
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Fig. 11—Ridge waveguide crystal mount. 


A mount which combines the features of an in-guide 
crystal and those of a cartridge is the Sharpless** unit 
shown in Fig. 12. A wafer contains a short section of 
waveguide across which the point contact rectifier is 
mounted. The basic idea is that the wafer containing 
the rectifier can be inserted and moved in a slot at right 
angles to the waveguide to obtain a resistive match to 
the waveguide, while the reactive component of the 
rectifier impedance is tuned out with an adjustable 
plunger located in the converter block to the rear of the 
wafer location. 

Using the same crystal material, the in-guide mount 
is in general the most sensitive unit in the low millimeter 
range. However, it is time-consuming to construct and 
adjust and less rugged than the other types. At 4 mm, 
using a mount constructed in RG-99/U guide, the in- 
guide devices are from 5 to 10 db better than the 1N53 
_ cartridge type units. A cartridge unit has the advantages 
- of being rugged and cheap to make. 

While crystal detectors have been used by Gordy* 
and others to detect signals below 1-mm wavelength, 
there are still many problems associated with their use 


4 W. M. Sharpless, “Wafer-Type Millimeter-Wave Converters,” 
- Bell Telephone Labs., New York, N. Y., Final Rep, on Contract 
Nonr-687 (00); June, 1951 to May, 1955. : 
35 C, A. Burrusand W. Gordy, “Submillimeter wave spectroscopy, 
Phys. Rev., vol. 93, pp. 897-898; February, 1954. 
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Fig. 12—Wafer type detector. 


Fig. 13—Equivalent circuit of a crystal rectifier. 


in the low millimeter range. The design of good mounts 
is largely one of art and crystal materials. In the equiva- 
lent circuit of the crystal rectifier shown in Fig. 13, the 
conversion loss is a function of wCr where C is the bar- 
rier capacity and r the ohmic spreading resistance. In 
terms of the properties of the semiconductor,??*37 


x /eé a CN Ge We 
wCr = —|— }—— a—| — (3) 
240 \e/coDX dr LOAN 
where a is whisker radius of contact; D, the barrier 
thickness; \, the wavelength; o, the conductivity; N, 
the carrier concentration; 6, the mobility; and e, the 
permittivity of the crystal material. 


For silicon doped with 0.02 per cent boron, typical 
values of the parameters are 


Oe lent Omeatmnetan 


o = 1.11 X 104 mho/meter 


36 H. K. Henisch, “Rectifying Semi-Conductor Contacts,” Oxford 
University Press, New York, N. Y.,; 1957. 

37 C. T. McCoy, “Present and future capabilities of microwave 
crystal receivers,” Proc. IRE, vol. 46, pp. 61-66; January, 1958. 
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On the basis of this criterion, a detector using this 
crystal material would not be suitable for wavelengths 
below 1.9 mm. An increase in the impurity content or 
doping increases the value of o but decreases D. The 
value of the bracket term in (3) represents fundamental 
physical constants with a calculable minimum theo- 
retical value®” for any semiconductor. Germanium has a 
theoretical value 2.5 times lower than silicon while 
indium antimonide is much lower than germanium. 
Thus there is hope in the near future of reducing the 
value of Cr by an order of magnitude from its best 
present value. 

The surface treatment of the semiconductor also has 
a marked effect on the rectification characteristics. 
Bombardment by helium ions*® is used by some workers 
to activate the surface, especially for crystals used in 
crystal multipliers. 

While crystal detectors are more sensitive than other 
detectors at wavelengths longer than those in the milli- 
meter range, at wavelengths below about 3 mm, bolom- 
eters show considerable promise. In fact for wave- 
lengths approaching 1 mm, platinum wire bolometers 
will exceed crystals in sensitivity. Moreover, the re- 
sponse law** of a bolometer is accurately known, and the 
bolometers can probably be made more reproducible. 

In commercial bolometers such as the PRD 634,° the 
Wollaston wire is mounted on a mica card. This tech- 
nique does not appear to be feasible as one goes to 
smaller wires and guides. Rohrbaugh’s*®® group at N.Y.U. 
has been mounting 10-microinch wire directly in the 
guide (0.022 X0.045 inch) for detection at K/8 band. 
These resistance elements were obtained from Sigmund 
Cohn Corporation which manufactures Wollaston wires 
with cores as small as 6 microinches with resistances of 
the order of 200,000 ohms per inch. Rohrbaugh reports 
the sensitivity of his bolometers as ~10-!9 watts. A 
PRD 617 bolometer which contains a 35-microinch wire 
has a time constant*?! of approximately 150 usec. The 
N.Y.U. bolometer mounts show a small but definite 
decrease in rise time and a much greater decrease in the 


38 G. D. Montgomery, “Techniques of Microwave Measure- 
ments,” M.I.T, Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New 
ViGrk. Ney wavol 11 1947, 

89 J. H. Rohrbaugh, “A Study of the Generation and Detection of 
Electromagnetic Waves in the Millimeter Wave Region,” New York 
Sera New York, N. Y., Quart. Reps. on AF19(604)-1115; 

4G. U. Sorgen, “The thermal time constants of a bolometer,” 
IRE Trans, oN INSTRUMENTATION, no. PGI-4, pp. 165-170; Oc- 
tober, 1955. 

41 M. Sucher and H. J. Carlin, “The operation of bolometers under 
pulsed power conditions,” IRE TRANs. oN MICROWAVE THEORY AND 
TECHNIQUES, vol. MTT-3, pp. 45-52; October, 1955, 
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decay time as the wire diameter decreases. Thus there 


is promise that these small wire bolometers could re-~ 


spond to signal frequencies as high as 10,000 cycles per 
second or greater. 

The Golay detector,?? a device originally intended as 
an infrared detector, has been used successfully from the 
ultraviolet region through the infrared and out to a 
wavelength of 7.5 mm in the microwave portion of the 
spectrum. The device consists essentially of a pneumatic 
chamber which responds to changes in thermal radia- 
tion. Typical rise times are about 15 msec in duration, 
and available sensitivities are of the order of 10-8 watts. 


POWER MEASUREMENTS 


Accurate power measurements in the low millimeter 
range are difficult to make, especially since the power 
available for measurement is usually very small. A sur- 
vey article by Weill® gives various methods of measur- 
ing the power output of millimeter wave tubes; power 
ranges from 100 watts to 100 uw are considered. Fig. 
14(b) shows one example of a platinum film bolometer 
described by Weill for the range 100 mw to 100 pw. 
These enthrakometers avoid the problems of mounting 
small Wollaston wires but they are still rather delicate. 

Commercial bolometer mounts can be obtained from 
a number of companies. PRD makes a mount, type 632, 
in RG-98/U guide which uses bolometer wire mounted 
on a mica card (type 634). F-R Machine Works mounts 
their Wollaston wires in a cartridge unit identical to the 
1N53 crystal so that they can be used interchangeably 
in the same detector unit. 

Sharpless*® has described a calorimeter for power 
measurements of the order of 1 mw in the wavelength 
range 5 to 7 mm. However, there is no reason to believe 
that this device could not be extended to still shorter 
wavelengths. Fig. 14(a) illustrates the design of the 


calorimeter. It consists of a short section of thin-walled © 


round silver waveguide containing a cast conical taper 
of absorbing material. DC power can be fed through 
the termination from the outer shell through a small 
deposited silver band, located at the front end of the 
termination. The temperature rise is measured by three 
Western Electric 23A thermistor beads in intimate con- 
tact with the exterior of the thin-walled silver tube. 
Two identical terminations are used in the bridge net- 
work shown, where a pulsed signal is used to detect the 
balance condition. 


FREQUENCY MEASUREMENTS 


Most of the frequency meters in the low millimeter 
range are scaled down versions of TEom, mode, high-Q 
cavity wavemeters used at K band which are described, 


for example, in detail in the M.I.T. Radiation Labo- 


“HH. Weill, “Mésures de puissance sur tubes millimétri iY 
Le Vide, vol. 12, pp. 122-127; January-February, 1957. iol 
_'3.W. M. Sharpless, “A calorimeter for power measurements at 
millimeter wavelengths,” IRE Trans. ON MICROWAVE THEORY AND 
TECHNIQUES, vol. MTT-2, pp. 45-54; September, 1954, 


17oO7 


IN 
(PULSED) 


1/4" 


SMALL DEPOSITED 


0.003 SILVER TUBE , 0.00! MICA SILVER BAND FOR DC 
RESISTOPLAST" CONTACT TO END OF 
MIXTURE TERMINATION 


POWER ABSORBER 


(b) 


Fig. 14—Power measuring devices. (a) Calorimeter for the 5 to 7-mm 
range (Sharpless). (b) Platinum film bolometer. 


ratory Series.** About the only new design change is to 

replace the micrometer drive with a finer mechanism 

such as a differential screw which can easily give a 

' travel of 0.001 inch per turn. 

3 As one would expect, microwave analogs of the 
Michelson and Fabry-Perot interferometers were in- 
vestigated by a number of workers some years ago."4:9 
Two microwave forms of this device are shown in Fig. 
15. The arrangement shown in Fig. 15(b) has obvious 
disadvantages from the low millimeter viewpoint since 
it uses a directional coupler and magic tee, both of 
which are difficult to construct. The Fabry-Perot ar- 
rangement, shown in Fig. 15(a), avoids these difficulties 
by requiring just a horn radiator. 

| In addition to wavelength measurements, interferom- 

- eters have uses in the measurement of dielectric con- 
stant and attenuation in dielectric materials available 
in the form of uniform sheets. 


FREQUENCY MULTIPLICATION WITH 
NONLINEAR ELEMENTS 
Circuit Synthests Problem 


Until an idea for a prime, or self-excited, source for the 
submillimeter wavelength range is discovered, the only 


“4B. A. Lengyel, “A Michelson-type interferometer for micro- 
wave measurements,” Proc. IRE, vol. 37, pp. 1242-1244; November, 
1949 
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Fig. 15—Frequency measuring devices. (a) Microwave analog of a 
modified Fabry-Perot interferometer. (b) Microwave analog of 
Michelson interferometer. 


Problems: 
1) Impedance at unwanted harmonics to be zero, infinite, or 
reactive. 
2) Input and output coupling. 
3) Circuits components. 


NON LINEAR 


ELEMENT 
SOURGE AND 


£ CIRCUIT 
f°) nfo 


Fig. 16—Frequency multiplication with a nonlinear element. 


feasible approach to the problem would appear to be a 
frequency multiplication by means of some nonlinear 
effect or element. In principle, this frequency multipli- 
cation could be up or down in frequency, since sources 
exist both above and below the submillimeter range. 

Fig. 16 schematically illustrates the frequency multi- 
plication process. A suitable source at frequency fo feeds 
into a circuit containing a nonlinear element. The out- 
put coupling is such that only a given harmonic fre- 
quency, fo, emerges, in turn, to be fed into a load. 
Ideally, if the nonlinear element used in the circuit 
were a lossless reactive device and the circuit could be so 
synthesized that it had dissipation only at a given 
harmonic frequency fo, then it follows that a power 
gain of one at the desired harmonic could be realized. 

The general problems in synthesizing such circuits 
would be: 1) to find an arrangement where the imped- 
ances at the unwanted harmonics are either zero, in- 
finite, or reactive; 2) to find a circuit which could be 
realized with practical millimeter wave components; 
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and 3) coupling in and out of the circuit structure. 

Nonlinear elements are seldom either purely resistive 
or reactive. However, two recent papers by Page* and 
Manley and Rowe“ have appeared which give limits to 
the power gain for a desired harmonic. 

Page considers positive nonlinear resistors through 
which the current, J, is a real, finite, single-valued, non- 
decreasing function of the voltage, V, across the ter- 
minals. He also assumes the current, J, is zero for V equal 
to zero. 


Let 


Vi) = s dn Cos (nwt + On), (5) 


then the current will be Stepanoff almost periodic 


(S?ap)* 


I(t) = lim Sa bn cos (nwt + dn). (6) 


From the nondecreasing behavior of J, it follows that 
(x) = (Vv@ — Vii — «)} 
‘{7[v@—imvVe-—x]})>0 (7) 


or 


6(x) = 2 >) P,(1 — cos nwx) > 0 (8) 
ue 

where P,,=@nbn/2 cos (dn—O8n) is the power absorbed 

by the resistor at frequency w®. Applying (8) to a circuit 

containing a positive nonlinear resistor wherein there is 

dissipation only for frequencies w and nw, it follows that 


P,(1 — cos wx) — | P,,| (1 — cos nwx) = 0 (9) 
or 
| eee 4 sin (wa/2) ij 2 1 
ioe in (nex /2)f Avene eo (10) 


Thus the efficiency of generating an mth harmonic can- 
not exceed n~. If a circuit could be synthesized that 
would approximate the condition given by (8), one 
solution to the submillimeter wave generation problem 
would be immediately achieved since appreciable 
amounts of power are available at K band and higher 
frequencies. 

Manley and Rowe consider nonlinear inductors and 
capacitors which may contain hysteresis. For conceptual 
purposes, they suggest the circuit shown in Fig. 17. Let 


ne} ine} 


okie (11) 
m=—0o N=—00 
00 ce) 
is DS, Sy, a ee ee Tea (12) 
mM=—20 N=—00 


46 C. H. Page, “Frequency conversion with positive nonlinear re- 
sistors,” J. Natl. Bur. Standards, vol. 56, pp. 179-182; April, 1956. 
© J. M. Manley and H. E. Rowe, “Some general properties of 
nonlinear elements. Part I. General energy relations,” Proc. IRE 
vol. 44, pp. 904-913; July, 1956. 
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Fig. 17—Circuit with a nonlinear capacitor (Manley-Rowe). 
Filters—SC to desired frequency, OC to all other frequencies. 
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Fig. 18—Frequency conversion with a nonlinear reactive element. 


Define 


LV inate = Wen See ee (13) 


where W,,,, is the real or average power flowing into the 
nonlinear element at this frequency for either choice of 
indexes. 

Manley and Rowe derive the following relationships 


=. ope he Mee 
pbe sh 


= 14 
m=0 n=—20 mf == nfo 73 ( ) 
and 
2 NW mn 
SS 0 15 
m=—o n=0 mfr = nfo \ 


where H is the average power dissipated in hysteresis. 

In applying this analysis to frequency multiplication 
the circuit of Fig. 17 reduces to that in Fig. 18 and, 
when n=0, (14) and (15) become 


Sh 0 Ss Wi, = I8E, (16) 


As the hysteresis power loss, H, approaches zero, the 
power gain to the desired harmonic can approach 1 in- 
dependent of the shape of the nonlinear characteristic 
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of the capacitor C and of the power level. A similar 
analysis would apply to a nonlinear inductor. 

The problem is to find a nonlinear effect in the low 
millimeter range which can be represented as a high-Q 
nonlinear capacitor or inductor and then to synthesize a 
circuit such as that suggested in Fig. 18. 


Nonlinear Resistive-T ype Elements 


Two resistive-type nonlinear elements are currently 
being used for frequency multiplication in the low milli- 
meter range: the crystal diode and the field emitter 
diode. 

A crystal rectifier is not a positive nonlinear resistor 
(see the circuit of Fig. 13) so that Page’s analysis is not 
applicable. However, it has been the element used, 
mainly by spectroscopists, for work in the low milli- 
meter range. The earliest work on crystal multipliers 
was done by Beringer‘? at M.I.T. in 1944. Most of the 
recent work has been done by Gordy*®®* at Duke Uni- 
versity, Johnson ef al.48 at Johns Hopkins, Nethercot,*:° 
at Columbia, Ohl’ at Bell Labs., and Richardson®! at the 
National Bureau of Standards. The reports of these 
groups on crystal multipliers have been mainly on per- 
formance characteristics rather than analysis. Hwang” 
has recently attempted an analysis to compute the con- 
version efficiency of such a device. He obtained values 
for the second and third harmonics which were fairly 
close to the experimental results. 

Fig. 19 illustrates a typical design of a crossed guide 
crystal multiplier as given by Johnson et al.4® Energy 
coming down the larger guide is picked up by the tung- 
sten whisker probe and fed to the silicon crystal. The 
resulting harmonic currents on the probe are in turn fed 
into the smaller guide, which is a high-pass filter, filter- 
ing out all harmonic frequencies below a certain value. 

Hwang gives the equivalent circuit of the multiplier 
as that shown in Fig. 20 from which he calculates the 
second and third harmonic powers to be 


(17) 


or 20 db and 32 db down from the input power, which 
is in fair agreement with experimental data. 

The over-all loss of a good generator and detector for 
the low harmonics is about 15 db from one harmonic to 


P, = 0.011Pin P; = 0.0006Pin 


47 R. Beringer, Phys. Rev., vol. 70, p. 53; 1946. sb 

48 C. M. Johnson, D. M. Slager, and D. D. King, “Millimeter 
waves from harmonic generators,” Rev. Sci. Instr., vol. 25, pp. 213- 
217; March, 1954. ; 

49 J, A. Klein and A. H. Nethercot, Jr., “Microwave spectrum of 
DI at 1.5 mm wavelength,” Phys. Rev., vol. 91, p. 1018; August 15, 
tae H. Nethercot, Jr., “Harmonics at millimeter wavelengths,” 
IRE TRAns. ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-2, 

—20: mber, 1954. 
Be eM Therion and R. B. Riley, “Performance of three- 
millimeter harmonic generators and crystal detectors, IRE TRANS. 
on MICROWAVE THEORY AND TECHNIQUES, vol. MTT-S, pp. 131- 
havc as “Harmonic Generation by Crystals at Micro- 
wave and Millimeter Wave Frequencies,” Elec. Eng. Dept., Uni- 
versity of Maryland, College Park, Md., Final Rep. AF18(600)- 


1246; January, 1956. 
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Fig. 19—Cross-guide crystal multiplier. 
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Fig. 20—Equivalent circuit for crystal multiplier (Hwang). The 
upper diagram shows a crossed-guide crystal multiplier. 


the next while from the sixth harmonic on, the loss is 
probably 3 to 4 db per harmonic. No precise data seem 
to exist because of the difficulty in making low-level 
power measurements in the low millimeter and sub- 
millimeter range. 

Fig. 21 illustrates the data of Richardson and Nether- 
cot on their K-band multipliers. Nethercot does not 
give actual power output values so that it is difficult to 
compare their multipliers on this basis. However, it will 
be noticed that Nethercot’s multiplier gives a harmonic 
power P, vs fundamental power Po relationship, 
P,, < Po", which may or may not be significant. Richard- 
son’s fourth harmonic power varies as (Po)!*. 

Most of the recent work on crystal multipliers has 
been done with silicon crystals. Yet North® in 1946 
showed that welded contact germanium crystal multi- 


53 H. Q. North, “Properties of welded contact germanium recti- 
fiers,” J. Appl. Phys., vol. 17, pp. 912-923; November, 1946. 
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Fig. 21—Power characteristics of the crossed-guide 
crystal multiplier. 


pliers yielded more than twenty times the 4-mm 
harmonic power output of standard silicon crystals. It 
would appear that more work on crystal materials and 
circuit synthesis remains to be done on this type of 
multiplier. 

The crystal multiplier driven by a tube such as a 
2K33 klystron is at present the least expensive method 
of producing low millimeter wave power. In experiments 
where very low-level signals can be tolerated, the 
crystal multiplier will probably find use for many years 
to come, barring the invention of a new self-excited 
source. 

Recent advances in the practical application of field 
emission have prompted several groups®®—*7 to consider 
field-emission cathodes for harmonic generation. It is 
well known that electrons are emitted from a cold metal 
under the action of a strong field, the current-voltage 
relationship for a given geometry being given by 


T= Ceo (18) 


where C and D are constants. 


5 W. P. Dyke and W. W. Dolan, “Field emission,” in “Advances 
in Electronics and Electron Physics,” Academic Press, New York, 
N. Y., vol. 8; 1956. 

5% Letter Reports on APL/JHU Subcontract No. 77711, “Field 
Emission Applications to Microwave Amplifier Tubes,” Linfield Res. 
Inst., McMinnville, Ore.; 1956-58. 

56 Consolidated Quart. Status Reps., Basic Electronics Res., 
Stanford Electronics and Microwave Lab., Stanford, Calif., 1957. 

57 P. D. Coleman, Ultramicrowave Group Tech. Status Reps. on 
Contract AF18(603)-62, University of Illinois, Urbana, III.; 1957-58. 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


January 


Two characteristics of the field emitter make it at- 
tractive for frequency multiplication: its highly non- 
linear exponential I vs V relationship, and its high 
pulsed power capabilities. Characteristics which make 
its application difficult are 1) high vacuum requirements, 
2) stability problems, 3) high impedance, 4) current 
limitations for a single emitter, 5) multiple emitter 
fabrication problems, 6) anode heating, and 7) beam 
focusing. 

Fig. 22 illustrates a typical emitter current waveform 
resulting from the application of a dc bias voltage, Vo, 
plus an ac voltage, Vi cos wot. Increasing the negative 
bias causes the current to flow during a shorter phase 
interval, thereby increasing the harmonic content. The 
harmonic current amplitudes, under the condition of 
negative bias, can be computed as follows. From (18) 


TL Gy Ce Pi os) revs wot) 


~~ Ce-D! WotV1) e— (DV 1/2) [(wot) | Vot¥1) 1)? 


(19) 


where Vj is the dc bias voltage, and Vi cos wot is the ac 
voltage. 

Only two terms in the cos wof expansion about zero 
have been retained. 

Using the approximation that the current flows for 
only a small fraction of the total RF phase, the current 
harmonic amplitude is given by 


Vr(Vo+ Vi) 


BV enn VotV1)7/ ers . (20) 
1 


a [ee preverra | 

The first term in the bracket gives the peak value of 
the current pulse which is limited by the maximum 
tolerable heating of the emitter. The second term in 
brackets has its maximum value for DVi/(Vo+ Vi)? 
=n’; hence 


Ce-PIvorr) 7, 


Cee Fini aa.) (21) 
n 
Field emitter current begins to flow when 
Vo + Vi cos (60/2) = 0 (22) 
or 
8(Vo + Vi) 71? 
Oy — 2] (23) 
Vi 


Fig. 23 illustrates the results of a calculation made by 
Houston®* on the current obtainable from a field emitter — 
under rectangular pulse conditions. Assuming the cur- 
rent waveforms from the emitter under the conditions 
given by (19) are rectangular to a first approximation, 


then 
TV, 1/4 
Tae | A 
2(Vo + Vi) max 


58 J. M. Houston, “Calculation of the Tip Temperature of a Field 
Emitting Point as a Function’of Point Geometry and Material,” The 
Knolls Res. Labs., G.E. Co., Schenectady, N. Y.; 1955 


(Ip)max = [Ce-P! Wot¥) | ax SS (24) 
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Fig. 22—Field emitter current waveforms. 
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Fig. 23—Pulsed operation of emitter. 


The maximum dc current, Jac, is determined by the 
emitter material and geometry. For a typical tungsten 
emitter having a tip radius of 0.5 10-4 cm and a cone 
half-angle of 0.1 radian, the maximum dc current is 
computed to be 0.15 amp. The voltages Vo and Vj are 
chosen in such a manner that short current pulses which 
are rich in harmonics are produced; however, their 
values, when combined, must not exceed the breakdown 
voltage in the reverse direction. 

In a two-cavity klystron frequency multiplier, the 
velocity modulated beam must drift to obtain a bunched, 
harmonic beam. Using a field emitter, the emitted cur- 
rent immediately has a high harmonic content. This 
fact, along with the high current densities that can be 
obtained with a field emitter, are the features that work- 
ers in this area are trying to exploit for the production of 
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low millimeter wavelengths. However, the technical 
problems associated with the field emitter are difficult 
and the devices in which they are being used are en- 
countering essentially the same fundamental problems 
that plague the extension of conventional tubes to 
higher frequencies. Sufficient facts are not yet known to 
make a final evaluation of the field emitter as a fre- 
quency multiplier, but the road ahead looks very rough. 


Megavolt Electronics 


Frequency-multiplier klystrons®® such as the one illus- 
trated in Fig. 24 have been used for many years to pro- 
vide precisely known frequencies in the microwave 
range. The basic idea being used in these devices is that 
an electron beam is a highly nonlinear element in the 
sense that, by velocity modulating a dc beam by a signal 
at frequency fo, and then allowing it to drift, a high har- 
monic content beam is produced. But, this scheme, 
as used in the klystron multiplier, has the same four 
fundamental problems that plague all conventional 
tubes as they are extended into the low millimeter 
wavelength range. Moreover, space charge limits the 
bunching action and restricts the harmonic content. 
Also, since the original velocity modulation of the beam 
is never removed, the high harmonic content of the 
beam exists only over a small distance because beyond a 
certain point the velocity modulation destroys the 
bunch. 

In the klystron multiplier shown in Fig. 24(a) there 
is no real problem in constructing an output cavity 
either at S, X, or K band, but in the low millimeter 
range physical size becomes a problem, especially since 
the cavities normally used are reentrant to reduce the 
electron transit time. However, with a drive power of 
the order of watts, harmonics ranging from the 10th to 
the 20th, with an efficiency of the order of 0.5 per cent, 
can be achieved. 

From the standpoint of a nonlinear element, a fre- 
quency multiplication by a factor of 20 with an effi- 
ciency of 0.5 per cent, is generally difficult to accomplish. 
In this respect, an electron beam represents about as 
nonlinear an element as one can imagine. Hence, if a 
method could be found to use an electron beam for mul- 
tiplication and still circumvent the conventional elec- 
tron tube problems, one would have an excellent tool for 
an assault on the submillimeter wave problem. The 
megavolt electronics system shown in Fig. 24(b) is just 
such a method. 

In principle, the megavolt electronics system is closely 
related to the klystron multiplier, but with a few critical 
exceptions. A suitable oscillator at frequency fo, drives a 
relativistic electron bunching accelerator® (called a 

59H. J. Reich, ef al., “Microwave Theory and Techniques,” 
D. Van Nostrand Co., Inc., New York, N. Y., p. 630; 1953. 


60 [, Kaufman and P. D. Coleman, “Design and evaluation of an 
S-band rebatron,” J. Appl. Phys., vol. 28, pp. 936-944; September, 


& P, D. Coleman, “Theory of the rebatron—a relativistic electron 
bunching accelerator for use in megavolt electronics,” J. Appl. Phys., 
vol. 28, pp. 927-935; September, 1957. 
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Fig. 24—Frequency multiplication by means of an electron beam. 
(a) Schematic diagram of a frequency-multiplier klystron. (b) 
Megavolt electronics system. 


rebatron) as shown in Fig. 25. However, since the elec- 
tron dynamic equations are nonlinear at relativistic ve- 
locities, the velocity-modulation and acceleration proc- 
ess is drastically altered so that it is possible to produce 
a more tightly bunched beam having very little result- 
ant velocity modulation. This will lead to a traveling 
current-wave of the form where, ideally 
i(t, 3) = ). In cos 2xfon(t — 2/2) (25) 
n=0 
with J,4#In(z), vove (the velocity of light), and for per- 
fect bunching 


i = Na(i — #’). (26) 


I, = 21» for all . 6 is the Dirac delta function and XN, the 
number of electrons in the bunch. 

The output-input phase curves of Fig. 25 give a quan- 
titative indication of the bunching capability of the 
TMoio mode accelerating cavity as a function of the in- 
put velocity. These curves are computed for constant 
entrance velocity ratio, 6., a condition which is easily 
realized in practice but which will not yield the desired 
delta function current and delta function velocity dis- 
tribution. These characteristics require that 8B, be a 
specified function of the input phase, @,, and hence the 
need for a suitable prebunching system arises. The final 
phase, final velocity curves which appear in Fig. 25 de- 
scribe the performance of the over-all rebatron system 
for a typical set of parametric values. 

Megavolt electronics techniques lead to a much 
higher harmonic content beam than in the klystron 
multiplier because of better bunching methods and be- 
cause the bunching forces can be made large compared 
to the debunching forces. Also, the magnetic force at 
relativistic velocities “pinches” the beam in the trans- 
verse direction to aid in keeping it from spreading. 
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Fig. 25—S-band rebatron. 
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Fig. 26—TMo,,.» modes for metal cylindrical cavity. 


Assuming that an electron beam of the form given by 
(25) could be produced, how does this circumvent the 
problems of conventional electron tubes? First, the 
cathode and starting current density problem is elimi- 
nated since the systems to be considered are not self- 
excited. Furthermore, by using large gun voltages 
(>10* volts), it is not too difficult to produce con- 
vergent beams having large current densities. 

Second, a beam velocity approaching the velocity of 
light, c, makes it feasible to couple to higher order modes 
of a resonant structure,®'® thereby greatly increasing 
the dimensions for the same resonant frequency. For 
example, take a metal cylindrical cavity operating in the 
TMomn modes as shown in Fig. 26. The diameter D, the 
length ZL, and the resonant wavelength Xo are related by 


(a) - ) + Ge) 


® P. D. Coleman and M. D. Sirkis, “The Harmodotron—a beam 
harmonic, higher order mode device for producing millimeter and 
submillimeter waves,” J. Appl. Phys., vol. 26, pp. 1385-1386; No- 
vember, 1955. 

°° M. D. Sirkis and P. D. Coleman, “The Harmodotron—a mega- 
volt electronics millimeter wave generator,” J. Appl. Phys., vol. 28, 
pp. 944-950; September, 1957. 
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where fom is the mth root of the Bessel function of the 
first kind, and » is an integer. Obviously as rom and/or 
become arbitrarily large, so do D and L. The phase ve- 
locity vp associated with the structure is given by 


(vp/c)? = 1+ (2Lrom/nm D)? (28) 
and the beam coupling coefficient ky by 
; ~( 1 -) 
sin — {— — — 
oe: 2 v v 
2 “<( 1 1 ) 
ys v Up 
nN 
sin hie (“ _ 1) 
v 
= (29) 


An efficient exchange of energy will be possible when 
v—c. For example, consider a silver TMois mode cavity 
driven by a beam whose velocity v is 0.95c. It can be 
shown for D/L =0.6 that the power generated for a 
harmonic beam current J, is given by 


P(watts) ~ 3000|7,,(amps) |2[\o(mm) ]!/2. (30) 
For A\j=1 mm and J,=0.1 amp, then P~30 watts. 

Heat dissipation problems are eliminated since the 
beam passes directly through the higher order mode 
cavity with little interception of current. Circuit losses 
have not been eliminated but the Q of the structure has 
been greatly increased by going to higher order modes. 

Megavolt electronics: provides other approaches to 
the millimeter wave generation problem based on the 
use of the Doppler effect®*** and Cerenkov effect.®® In 
each of these cases, the tightly bunched, relativistic 
beam can be used to excite coupling structures which are 
large compared to the wavelength. 

It would appear that bunched, megavolt beams rep- 
resent the most high-power and most nonlinear element 
yet suggested for frequency multiplication. A frequency 
multiplication of the order of 50 to 100 should be practi- 
cal using megavolt electronics techniques. With the de- 
velopment of good, practical X-band (or possibly K- 


- band) bunching accelerators, wavelengths well below 


1 mm are feasible. This technique, however, does lead 
to a pulsed rather than a CW source of radiation. 


64 P. D. Coleman, Quart. Reps. on Contract AT(11-1)-392, Elec. 
Eng. Res. Lab., University of Illinois, Urbana, Ill.; 1956-58. 
6 K, B. Mallory, Quart. Reps. on Contract DA-36-039 sc-72785, 


__W. W. Hanson Lab. of Physics, Microwave Lab., Stanford, Calif., 
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Ferrites 


The application of an RF magnetic field to a mag- 
netized ferrite results in the precession of the magnetic 
moments of the unbalanced electron spins. For the loss- 
less infinite medium, the equation of motion of a system 


with angular moment J and magnetic moment M in a 
magnetic field A is7° 


dJ 


—=Mx i. 
dt 


(31) 


But since M and —J are proportional to each other 


ii (32) 
amc 


where ¥ is the magnetomechanical ratio of the unpaired 
electrons, (31) can be written as 


dM 
cree et (33) 
Let 
M=kM,+m with |M| = mM, (34) 
and 
H=kHy +h (35) 


where M, is the saturation magnetization, m and h are 
the time varying components, and Hy is the static mag- 
netic field (see Fig. 27). If the expressions for M and H 
from (34) and (35) are substituted into (33) the solution, 
neglecting cross product terms, is 


2H)M, M, dh 
Mz = |e | Fis | as | if (36) 
2H? — w? 2H? — w2] dt 
2H? M, M, dh, 
My = \z | hy + | us | (37) 
77H 0? Ax a2 7H 0? ., aw? dt 
or 
dhy 
mM, = ah, oy B ti (38) 
and 
dh 
Mm, = 8 awry (39) 
with 
dm; 
= (), 40) 
dt ( 


If second-order terms are retained, the solution for mz 
gives 

dm, 

dt 


a y(mzhy — Myltz) (41) 


70 TD. Polder, “On the theory of ferromagnetic resonance,” Phil. 
Mag., vol. 40, p. 99; 1949. 
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Fig. 27—Frequency doubling in ferrites. 


or, using (38) and (39) and then integrating, the value 
of m, is given by 


Mm, = — . s+ hye C. (42) 

The constant of integration C can be obtained from 
the condition |M|=M,, which for the case m,?-+-m,? 
<Km,? gives 


2 2 
Mm — es aE ‘ (43) 
= 2M, 
If 
h, = Az sin wt (44) 
hy = Az sin (wi + A), (45) 
then the time varying part of m, becomes, 
RF) IMD Ay re (est ae 4O) 
: = — ——— D sin (2ut — 
is ( A(y? Ho? ad w”) 
where 
D sin 6 = Ay? + Ae? cos 2A (47) 
Dcos6 = A>? sin A2. (48) 


Eq. (46) shows that the z component of magnetization 
has a component oscillating at frequency 2w hence the 
ferrite will radiate an electromagnetic wave of fre- 
quency 2w. Actually the magnetization has still higher- 
order terms since only the second-order terms have been 
retained to obtain (46). 

Ayres, Melchor, and Vartanian”” have investigated 
frequency doubling” in ferrites from X to K band using 
the experimental arrangement shown in Fig. 28(a). The 
peak power output vs. the peak power input is given in 
Fig. 28(b) which indicates the ferrite is operating ac- 
cording to a 1.8 power law. From (42) one would expect 
a square-law device. The deviation from square law sug- 


mW. P. Ayres, P. H. Vartanian, and J. L. Melchor, “Frequency 
aarnne in ferrites,” J. Appl. Phys., vol. 27, pp. 188-189; February, 
1956. 

7 J. L. Melchor, W. P. Ayres, and P. H. Vartanian, “Microwave 
frequency doubling from 9 to 18 kmce in ferrites,” Proc. IRE, vol. 
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Fig. 28—Frequency doubling in ferrites. (a) Ferrite frequency doubler 
from X to K band (Melchor, Ayres, and Vartanian). (b) Conver- 
sion efficiency (half disk of ferrite against side wall). 


gests some of the energy is being converted to a higher- 
order harmonic. 

An important feature of the ferrite doubler is its high 
peak power handling capacity and conversion efficiency 
(the order of —7 db) at these high pulsed power levels. 


Parametric Amplifiers 


It is well known that one can obtain gain with a mod- 
ulator as illustrated in Fig. 29(a). Here the signals from 
the pumping oscillator at frequency f, and the signal 
source at frequency f, are mixed in a variable reactance 
to generate sidebands at frequencies f,+f;. It is possible 
for the sidebands to have more power than the signal 
source. Hence, if a demodulator is used, one could get 
out an amplified signal at f,. 

In the parametric amplifier,“:7> the power supplied 
by the local oscillator is directly converted to signal 
power at the signal frequency as illustrated in Fig. 
29(b). The energy required for amplification in both 
amplifiers is derived from the pumping oscillator. 

The principle of operation of the ferrite parametric 
amplifier is as follows. First the pump frequency, f,, and 
the signal frequency, f,, are mixed in the ferrite to pro- 
duce a magnetization varying at the idling frequency 
fi=fpo—f.. This magnetization excites the idler circuit 
into oscillation. Next the idler frequency, f;, and the 
pump frequency, f,, mix in the ferrite to produce a sec- 
ond magnetization varying at the signal frequency. If — 
the signal derived from this magnetization is in phase 
with the initial signal, amplification can result. 


4H. Suhl, “Theory of the ferromagnetic microwave amplifier,” 
J. Appl. Phys., vol. 28, p. 1225; November, 1957. muah 
_%®M. T. Weiss, “A solid-state microwave amplifier and oscillator 
using ferrites,” Phys. Rev., vol. 107, p. 317; July, 1957. 
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Fig. 29—Block diagrams of amplifiers. (a) Magnetic or dielectric 
amplifier. (b) Parametric amplifier. 


Three types of operation of the parametric ferrite 
amplifier may be considered: the magnetostatic, the 
semistatic, and the electromagnetic. To describe these 
ways to use a ferrite, one must consider the magneto- 
static modes.”® When the ferrite sample is small com- 
pared to an electromagnetic wavelength in the material, 
propagation effects may be neglected, so that Maxwell’s 
equations become 


VXh=V-(h+ 40m) = 0. (49) 
Using 
M=kM.+ met HH =k; + hei (50) 
in the torque equation 
Goh eon aeh 
ee yM XH (51) 
the linear approximation becomes 
jom = y[k X (Moh + Hai). (52) 


The solution of (49) and (52), together with boundary 
conditions, determine the modes of m and h along with 
their characteristic frequencies. These modes are called 
magnetostatic modes. Moreover, their frequencies oc- 
cupy a limited range on a frequency scale. For a spher- 
oid, for example, 


y(Ho v= NM») < @ < 1(Ho + 24M). 
In the magnetostatic mode of operation, the pump 


frequency , is chosen equal to the uniform precession 
mode yHp. Since there is coupling between the uniform 


(53) 


7% LT. R. Walker, “Magnetostatic modes in ferromagnetic reso- 
nance,” Phys. Rev., vol. 105, pp. 390-399; January, 1957. 
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Fig. 30—Solid-state oscillator. (a2) M. T. Weiss, “Solid-state micro- 
wave amplifier and oscillator using ferrites,” Phys. Rev., vol. 107, 
p. 317; July, 1957. (b) H. Suhl, “Proposal for a ferromagnetic am- 
ae in the microwave range,” Phys. Rev., vol. 107, p. 384; April, 


precession mode and the other magnetostatic modes, 
any two pairs whose frequencies add up to w, will be 
excited. However, a load can only couple to a small 
number of these modes so that the power supplied at the 
pumping frequency would be dissipated as heat in the 
many unloaded modes, making this type of operation 
impractical. 

In the semistatic type of operation, H) is adjusted so 
that no two magnetostatic mode frequencies add up to 
the precession frequency. Here the ferrite could be 
placed in a resonant cavity tuned to resonate at either 
®, OF Wy—W,s. One magnetostatic mode is used to supply 
the other needed circuit at frequency w,—, Or as. 

In the electromagnetic type of operation, a doubly 
resonant cavity is made to supply both low-frequency 
circuits. The pump frequency is at the uniform preces- 
sion frequency. 

Fig. 30 shows a parametric amplifier made by Weiss.”® 
A strip line resonator was used, with coupling by means 
of coaxial line probes. Both the idler and signal fre- 
quencies were made equal at 4.5 kmc. With a peak 
pumping power of 20 kw, the device oscillated at a peak 
output of 100 watts, 7.e., 23 db down. 

A recent investigation’”” has shown that microwave 
amplification using ferromagnetic materials does not 
necessarily require the local oscillator or pump fre- 
quency to be greater than the signal frequency. New 
devices requiring four frequencies for signal mixing 
rather than the usual three, make it possible to obtain 


77 C. L. Hogan, R. L. Jepsen, and P. H. Vartanian, “New type of 
ferromagnetic amplifier,” J. Appl. Phys., vol. 29, pp. 422-423; March, 
1958. ~ 
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amplification at a frequency higher than the pump fre- 
quency. In addition, such a device can be made to act 
as a microwave oscillator capable of generating a fre- 
quency up to twice the frequency of the local oscillator. 

It is seen that the parametric amplifier or oscillator is 
also a high pulsed power device. However, the structure 
shown in Fig. 30(a) is not easily made, especially in the 
low millimeter range. Hence, it may be desirable to try 
the semistatic type of operation if much higher fre- 
quencies are desired. 


Other Types of Nonlinear Elements 


Nonlinear Capacity—-Reverse Biased Semiconductor 
Junction: A semiconductor p-n junction’® is known to 
have a nonlinear capacity C shunting the barrier resist- 
ance. Its value is given by 

en Po? 
fe 


on 


C=eA bea aay) (54) 


where 


€=permittivity of semiconductor, 
A =area, 
Vo=contact voltage, 
V =applied bias voltage, 
Mn =mobility of electrons in semiconductor, 
On =conductivity of semiconductor. 


All units are in the rationalized MKS system. 

It is seen from (54) that a semiconductor junction, 
when biased in the reverse (nonconducting) direction, is 
a capacitance which can be varied by the bias voltage. 
The Q of this condenser is given by 1/wCr where r is the 
series resistance of the junction. 

Giacoletto and O’Connell’® have recently described a 
diode having a nominal Q of 17 at 500 me. In one of their 
better units a Q of 36 was obtained. Over the bias range 
0 to —16 volts, the capacity varied from about 140 to 
25 pid. 

It would appear that biased diodes may have applica- 
tions in parametric amplifiers and possibly frequency 
multipliers. 

Ferroelectrics: If low-loss ferroelectric materials could 
be found, one has reason to believe that electric analogs 
of the ferrite multipliers and parametric amplifiers 
could be made. Higa’® has suggested the circuit shown 
in Fig. 31 as a ferroelectric frequency multiplier using 
barium titanate. He assumes a relation between E and 
D of the form 


E, = 
Ey 


[a + b(D,? + D,?)|D, (55) 
[a Fr b(D;? ah Dae (56) 


Using these relations in the circuit equation, he derives 
the following nonlinear Mathieu equation for D, 


8 L. J. Giacoletto and J. H. O’Connell, “A variable-capacitance 
germanium junction diode for UHF,” RCA Rev., vol. 17, pp. 68-85; 
March, 1956. 

79 W. H. Higa, “Theory of nonlinear coupling in a novel ferro- 
electric device,” J. Appl. Phys., vol. 27, pp. 775-777; July, 1956. 
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Fig. 31—Ferroelectric frequency multiplier circuit. 


9 


4 y 


dt? 


+ (a+ B cos 2wt) Dy = 0 (57) 


where, if the constants a and 8 satisfy certain condi- 
tions, the solution for D, is given by 


D, = GC; cos wt + Cz cos 3wi -- * (58) 


Under other conditions, Higa further shows that by 
tuning the inductor Z to resonate with the capacity at 
a harmonic of the driving frequency, both odd and even 
harmonics can be produced. In its present form, the de- 
vice is limited by the “mild” nonlinearities of available 
ferroelectrics. 


Harmonic Generation in Microwave Tubes 


In attempting to overcome the physical size limita- 
tions on resonators, one possible solution for conven- 
tional tubes is to try to generate harmonics of the high- 
est fundamental frequency for which a tube can be con- 
structed. Bernier and Leboutet®® have reported on har- 
monics from klystrons and Gourary® and others at 
Columbia University have been working on harmonic 
generation in magnetrons. 

Bernier and Laboutet indicated that it was possible 
to construct a reentrant klystron cavity wherein one or 
more of the higher-order mode frequencies, fn, could be 
made an exact multiple of the fundamental frequency fi. 
Using a 4.08-cm klystron, they reported that they ob- 
tained harmonics as large as the 24th at 1.7 mm with 
the power output the order of a few microwatts. 

The group at Columbia® has been working on har- 
monic generation in magnetrons since 1949. Their origi- 
nal idea was as follows. In a magnetron operating in its 
fundamental + mode, the space charge rotating on the 
interaction space resembles a rimless wheel with spokes. 


80 J. Bernier and H. Leboutet, “Sur la possibilité d’obtenir des 
ondes entretenues trés courtes en utilisant un klystron reflex donnant 
de l’energie sur des fréquences harmoniques d’ordre eléve de 1’oscilla- 
tion fondamentale,” Comp. Rend., no. 4, pp. 797-798; October, 1954. 

* B. S. Gourary, “The Theory of Harmonic Generation in Mag- 
netrons,” Rad. Lab., Columbia University, New York, N. Y., Quart. 
Reps. ; June 30, 1949 to December, 1957. 
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A spacial Fourier analysis of such a charge cloud shows 

that it contains components of various angular sym- 
metries, all traveling at the same angular velocity. If 
one of the modes of the cavity contains a similar 
Fourier component, it will be driven by the space 
charge. Specifically, if a + mode of a higher frequency 
is made to have a Fourier component of the proper sym- 
metry traveling at the same angular velocity as the 
space charge, then that harmonic + mode will be 
excited. 

Bernstein and Kroll at Columbia Radiation Labora- 
tory have been studying harmonic generation in magne- 
trons using their X-band XHI anodes. In their recent 
1957 quarterly reports, these tubes have given a second 
harmonic power output ranging from 9 to 46 kw with 
efficiencies of the order of 4 to 12 per cent. Some work 
has also been carried out on third harmonic generation. 

The Ultramicrowave Group at the University of 
Illinois has tried feeding klystron tubes into waveguides 
tapered down so that only harmonics of the fundamen- 
tal can propagate. In particular, it was found that the 
Amperex DX151 tube gave sufficient 2-mm signals for 
most low-level test purposes. 


CONCLUSION 


The representative, but limited number, of specific 
examples of conventional microwave tubes, briefly dis- 
cussed in this paper, has indicated that the present fre- 
quency frontier is in the neighborhood of wavelengths 
of 2 to 3 mm. The fact that all of the tube types are 
plagued with essentially the same fundamental prob- 
lems and limitations strongly suggests that one has in- 
deed reached a practical limit in the low millimeter 
range. 

Elliott®? has indicated that for tubes employing reso- 
nant cavities, the frequency limit depends chiefly on the 
ac beam current density and the noise level in the reso- 
nant structure. To put pessimistic numbers in Elliott’s 
current inequality criterion also suggests that experi- 
menters have just about reached the frequency limit 
with present techniques. 

However, with the fabulous tube art and techniques 
that have been built up, one can expect conventional 
tubes to make a last-ditch stand by such methods as 
harmonic generation and subminiature, watchmaker ap- 
proaches. Whether these techniques can extend the fre- 
quency by more than a factor of two to three remains to 
be seen. It is certain that the present difficulties are 
taxing the enormous resourcefulness of the people in the 
electron tube field. 

The present status of low millimeter and submilli- 
meter wave generation would appear to be that no ideas 
for a prime, self-excited, coherent source exist. While it 
has not been proven that coherent sources in this fre- 
quency range are theoretically possible, workers in the 


8 RS. Elliott, “Some limitations on the maximum frequency of 
coherent oscillations,” J. Appl. Phys., vol. 23, pp. 812-818; August, 
1952. 
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field have an optimistic, intuitive feeling that such 
sources can be made. However, until a “brilliant hunch” 
bears fruit, most efforts at the present time are directed 
toward frequency multiplication and conversion using 
conventional microwave tube sources as driver elements. 
It may be that the final sources for the submillimeter 
range will be based on some frequency conversion prin- 
ciple, rather than the dc input rf output energy conver- 
sion method used in conventional tubes. It is the author’s 
opinion that for microwave engineers to make progress 
on this problem they will have to have a good under- 
standing of solid-state electronics. 

Megavolt electronics, while not classified here as a 
conventional electron tube technique, appears to offer 
the most proven promise of any electronic frequency 
multiplying method for invading the submillimeter 
range with a pulsed, coherent source of radiation. Multi- 
plication of the fundamental frequency by a factor of 50 
or more is a practical possibility. Hence the develop- 
ment of practical X-band or K-band bunching accelera- 
tors would place megavolt electronics techniques in a 
very competitive position with regard to frequency 
multiplying devices. This is particularly true with re- 
spect to theoretical peak power capabilities at high har- 
monic frequencies. The words megavolt electronics and 
bunching accelerators might, off-hand, cause one to 
imagine large machines and bulky devices limited only 
to laboratory experimental uses. In rebatrons, fed by 
a magnetron-ferrite isolator system, the apparatus is 
only two to three times the size of the magnetron being 
used, the bulk of the equipment being simply that of the 
magnetron power supply. 

The solid-state electronics approaches, such as ferrite 
multipliers and oscillators, have not as yet produced 
frequencies which are unobtainable by electron tubes. 
Also, at the present time, the ferrite is usually placed in 
a more or less complicated microwave circuit which is 
fed by a high pulsed power tube. Hence, from a practical 
point of view, one might say that one has neither es- 
caped nor circumvented present difficulties facing micro- 
wave tubes and/or techniques. This present aspect of 
the problem may not be important in the long run since 
the work in this area is relatively new. Triode tubes 
existed for a long time before klystrons, backward-wave 
oscillators, etc., were discovered. One is very optimistic, 
however, that as more is learned about masers, ferrites, 
ferroelectrics, parametric oscillators, spin resonances, 
etc., an idea for a self-excited source will eventually 
emerge. 

Work on low millimeter wave components, detectors, 
etc., is handicapped at the moment by the lack of suit- 
able signal sources to make tests. Therefore, most of the 
techniques being used are largely scaled-down versions 
of the tried and proven microwave methods. However, 
while it is believed that microwave methods may be ex- 
tended to higher frequencies than microwave tubes, new 
techniques must also be forthcoming to handle these 
new ranges of frequencies. 


62 IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


January 


Millimeter-Wave Generation Experiment 
Utilizing Ferrites* 


WESLEY P. AYREST 


Summary—lIt is estimated that at least 50 watts of peak power at 
2-mm wavelength has been generated from 4-mm excitation by 
harmonic generation in ferrites. This experiment is similar to the fre- 
quency doubling previously reported from 9 to 18 kmc, except for 
some differences in optimum geometry and material. A wide range of 
ferrites has been used, as well as garnets and permanent magnet 
type materials. In carrying out this experiment it has been necessary 
to develop components such as a 4-mm high-power isolator, a calo- 
rimeter for measurement of the 4-mm and 2-mm power, and numer- 
ous 2-mm waveguide components. 


SECOND HARMONIC GENERATION 


N previous work!” it was shown that the equation of 
| motion for uniform precession of the spin system in 

a magnetized ferromagnetic material, yields the 
second harmonic component 


Amtite,2w = — 2jky(it2” + My’) (1) 


where the dc magnetic field is in the z direction, x is the 
off diagonal element of the susceptibility tensor, y is the 
gyromagnetic ratio, and hz, hy are the applied RF fields 
at the fundamental frequency. The solution of (1) is ob- 
tained simply as 


Ky 
AtMmz, 2% Oe (hz” = hy?) (2) 
4a 


where w is angular frequency. If one analyzes (2), dis- 
regarding geometry factors, one sees that the maximum 
value of the second harmonic magnetization as a func- 
tion of dc magnetic field occurs where the magnitude of 
Kis a maximum, and this maximum is 


4nrM, 
AH 


| « mos = 


(3) 


where 47, is the saturation magnetization of the ma- 
terial and AZ is the ferromagnetic resonance linewidth. 

Eq. (3) indicates the dependence of doubling effi- 
ciency upon material properties. In a practical experi- 
ment one is concerned with other parameters, such as 
geometry and size. These will tend to obscure the de- 
tails of the dependence indicated in (3), since the 
geometries are not simple and the sizes are large com- 


* Manuscript received by the PGMTT, July 3, 1958; revised 
manuscript received, August 27, 1958. Work supported by the U. S. 
Army Signal Corps under Contract No. DA 36-039 SC-73278. 
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pared with a wavelength in the sample. However, one 
would expect the experimental results to agree generally 
with the prediction of (3). This is discussed later with 
the experimental results. 


EXPERIMENTAL WORK 


In past experiments harmonic generation has been ob- 
served from S band to C band, using a cavity geometry.! 
This experiment was characterized by a great deal of 
tuning difficulty and a very low conversion efficiency. 
In a second experiment, observations were made from 
X band to K band in a waveguide geometry.” This ex- 
periment was characterized by relative freedom from 
tuning difficulties and by a very high conversion effi- 
ciency. Also, in this experiment there is the possibility, 
in fact the probability, that a considerable amount of 
power was generated in harmonics higher than the sec- 
ond. The objective of the present experiment is to gener- 
ate 2-mm wavelength energy from 4-mm energy and to 
study further the factors affecting the conversion effi- 
ciency. The experimental arrangement is very nearly the 
same as the previous waveguide experiment, and is 
shown in Fig. 1. Due to practical considerations there is 
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Fig. 1—Measurement block diagram for harmonic generator. 


no constricted section to reflect 2-mm energy generated 
in the test section and propagating toward the 4-mm 
source back toward the 2-mm output. Instead, resist- 
ance material is placed in the H plane of the 4-mm wave- 
guide to absorb the 2-mm energy which is propagating 
toward the 4-mm source. If this were not done, part of 
this 2-mm energy, in some unknown phase, would be 
reflected back toward the 2-mm output and might be 
adding to or subtracting from the output. Presumably 
one-half of the generated 2-mm energy is lost in this 
way. 

A large number of different materials and geometries 
have been tested in the harmonic generator. Materials 
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with high magnetizations, narrow linewidths, and high 
‘anisotropy fields were particularly sought for these ex- 
periments. In Table I the materials tested are shown in 
the order of their 4rM,/AH values. The output as 
shown in Table I is the output in millivolts from the 
2-mm crystal detector. The 47M,/AH values are esti- 
mated using values of each reported in the literature. 


TABLE I 
2-MM OUTPUT FROM VARIOUS MATERIALS 


Output 


No. Material Milli- 4nM./ 
volts 

1) | Yttrium iron garnet single crystal 130 180 
2) | Yttrium iron garnet polycrystalline 108 27 
3) | General Ceramics Ferramic G 180 17 
4) | General Ceramics Ferramic R-1 80 10 
5) | Ferroxcube 104 80 10 
6) Ferroxcube 106 68 6 
7) | Oriented Ferroxdure i 2 


Because of variations in these quantities from sample to 
sample, these values are not assumed to be accurate in 
detail for the samples used but only indicate the trend. 
All of the above measurements were made using the 
half-disk geometry shown in Fig. 2, except for the garnet 
single crystal, which was not shaped at all. The garnet’s 
general shape resembled the half disk, but it was 
slightly smaller than the other samples and any shaping, 
it was felt, would only reduce the output. The table indi- 
cates a trend in agreement with that predicted by (3), 
with the exception of the large output given by Fer- 
ramic G. Considering only the true ferrites, numbers 3 
through 6, about which more is known than for other 
materials, the agreement is good in detail; that is, the 
measured outputs vary in almost the same proportions 
as the 47M,/AH values. The oriented high anisotropy 
materials are quite interesting to this study from the 
standpoint of the reduction in applied magnetic field 
necessary to reach resonance. However, the outputs 
from all of these materials tested are disappointingly 
low. This is probably because the material is not highly 
enough oriented, so that the linewidth is extremely 
large. 

For one material a different geometry has given 
greater output than the half disk gave. This is the 
centered post shown in Fig. 3. Ferramic G in this geome- 
try gave an output of 270 my, the largest output ob- 
served up to this time. This same geometry has been 
tried for some of the other materials, but it has not given 
as large an output as has the half disk. Many other 
geometries have been tried, such as slabs in various 
places in the waveguide, rods and half-rods, and others, 
but they have not given nearly as good results as the 
two geometries discussed here. The reason for this is 
not understood. However, the fact that the output 
power is extremely sensitive to very small variations in 
dimensions of these geometries suggests the possibility 
that the ferrite may be acting as a resonant cavity at the 
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Fig. 2—Half-disk geometry. The disk height is about 60 per cent of 
the waveguide height, and the disk diameter is about two-thirds 
the waveguide width. 


Fig. 3—Centered post geometry. The post diameter is about one- 
third the waveguide width, and the post height is about 90 per 
cent of the waveguide height. 


4-mm wavelength. If so, it is possible that these geome- 
tries provide efficient coupling to the incident wave- 
guide mode. 

At the pulse repetition frequency (PRF) producing 
the maximum average power output, the measured 
2-mm power was 0.5 mw average and 7 watts peak for 
the centered post of Ferramic G, which produces the 
largest 2-mm output. However, as shown in Fig. 4, the 
maximum peak power does not occur at the same PRF 
as the maximum average power. This is because the fer- 
rite heats up as the average power is increased, and in 
this case reduces 47M, faster than it reduces AH so that 
the important ratio in (3) is reduced. This is not always 
the result one obtains.2? From Fig. 4 we see that at a 
PRF of 30 cps the peak power is 13 watts. Actually, the 
data of Fig. 4 were taken using a crystal detector and 
the power scale determined by an average power meas- 
urement at the peak of the average power curve with the 
2-mm calorimeter. Consequently, except at this point 
(the point of maximum average power output) the 
power scale may be inaccurate because the crystal was 
deviating from true square law response. If this is the 
case, it will have the effect of increasing the true power 
output at lower PRF’s where the peak power is greater 
than at the PRF where the power was actually meas- 
ured. This is because the deviation of the crystal from a 
square law response will be towards a linear response at 
higher peak power levels. One must bear in mind that 
there are a number of losses of 2-mm power before the 
energy reaches the calorimeter, and these losses have 
not been taken into account in the results shown in 
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Fig. 4—Average power and peak power output as a function 
of the pulse repetition frequency. 


Fig. 4. Half of the 2-mm energy is lost by propagation 
toward the 4-mm generator. Approximately half of the 
remainder is lost in the 2-mm transmission system and 
calorimeter input section. This indicates that the 2-mm 
energy generated is approximately four times that 
shown in Fig. 4 or a maximum peak power of 50 watts. 


MILLIMETER WAVE COMPONENTS 


During the course of this study a number of com- 
ponents had to be developed for the experiment. Among 
them is a high-power 4-mm isolator whose character- 
istics are shown in Fig. 5. The geometry of this isolator 
is of conventional high-power broad-band design? using 
a thin slab of ferrite against the broad wall of the wave- 
guide, and next to it a slab of dielectric twice as thick 
as the ferrite. The major difference between this isolator 
and lower frequency models is the gyromagnetic ma- 
terial, which is polycrystalline oriented BaFe.Oyy. This 
material has an anisotropy field of 17 kilogauss, so that 
in the oriented form the applied field necessary for reso- 


°M. T. Weiss, “Improved rectangular waveguide resonance iso- 
lators,” IRE Trans. oN Microwave THEORY AND TECHNIQUES, 
vol. MTT-4, pp. 240-243; October, 1956. 

4G. S. Heller and G. W. Catuna, “Measurement of ferrite isola- 
tion at 1300 mc,” IRE Trans. on Microwave THEORY AND TECH- 
NIQUES, vol. MTT-6, pp. 97-100; January, 1958. 
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Fig. 5—Characteristics of 4-mm isolator. 
The input VSWR is below 1.20. 


Fig. 6—Photograph of calorimeters for 4-mm and 2-mm wavelengths 
with 2-mm model opened to show internal construction. 


nance is reduced by 17 kilogauss. Thus the magnet used 
for this isolator needs a field strength of only 12 kilo- 
gauss in the air gap. 

A variable high-power attenuator was built by mak- 
ing an isolator with a moveable magnet whose position 
determines the insertion loss. 

A 4-mm and a 2-mm calorimeter, shown in Fig. 6, 
were designed and constructed. In the 2-mm calorimeter 
the outer box is of aluminum and is filled with polyfoam 
for heat isolation. The waveguide input on the front is 
connected to a thin-walled waveguide made by milling 
down the walls of standard waveguide to 0.010-inch 
thickness. For about one inch behind the flange the 
waveguide is potted in an epoxy resin. In this length 
a 3\,/4 slice of waveguide and resin is removed, a sheet 
of 0.001-inch teflon is placed over each end, and the slice 
is replaced in its original position separating the wave- 
guide input from the calorimeter loads, so that heat 
transfer along the waveguide is minimized. The loads 


wr. 
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are tapered graphite from a carpenter’s marking pencil 
and they have copper electrodes electrodeposited onto 
the tip of the taper and the back of the load. These con- 
tacts enable de connections to be made to the load so 
that dc power dissipated in the load can be used for 
calibration of the calorimeter. The two waveguide and 
load units in each calorimeter are identical, so that 
either one can be used as the active load and the other 
as the reference load. To measure the temperature of 
the active load and compare it with the reference load, 
there is a string of three small bead thermistors con- 
nected in series and cemented to each waveguide. The 
two thermistor strings are incorporated into a 1000 cps 
bridge in order to measure small temperature changes 
easily. The remaining bridge components are installed 
-in the small compartment on the back of the outer box. 
The bridge is operated as a deflection instrument, cali- 
bration curves being made of bridge unbalance as a 
function of time for various dc power inputs to the 
graphite loads. Then millimeter wave power is measured 
by graphing the same function with a millimeter wave 
input. The calorimeters will accurately measure power 
levels as low as 4 mw for the 4-mm model, and 0.3 mw 
for the 2-mm model, without taking extreme precau- 
tions regarding temperature isolations. 

A number of other more conventional waveguide 
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components were designed and constructed for 2-mm 
operation, and it is of interest to note that despite the 
short wavelength no particular difficulty was experi- 
enced in obtaining reasonable operation. Of course, 
some mechanical modifications had to be made due to 
the small size of the waveguide; however, none of these 
was of major significance. 


CONCLUSION 


High-power 2-mm energy has been generated by a 
ferrite harmonic generator excited by a 4-mm source. 
However, more 2-mm energy could be generated by 
further refinements in the experimental system and by 
the use of better ferrite materials when they become 
available. The material property of most importance to 
harmonic generation is the ratio 44M,/AH. Millimeter 
wave isolators, calorimeters, and other components 
have been designed and constructed without encounter- 
ing unexpected problems due to the short wavelengths. 
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Some Characteristics of Dielectric Image Lines 
at Millimeter Wavelengths’ 


JAMES C. 


Summary—The attenuation characteristics of several dielectric 
image lines have been calculated for the frequency range extending 
from 24 to 100 kmc and have been checked experimentally at 35 and 
70 kmc. To obtain low attenuation at these high frequencies, dielec- 
tric materials with little loss and small size of cross section are re- 
quired, while low values of the dielectric constant are also desirable. 
The effects of the size and shape of the dielectric cross section and of 
low dielectric constant are treated separately. To find proper ma- 
terials with low dielectric constants several new foam plastics were 
investigated. Three types were found suitable for image line use, and 
in fact, these plastics have such good electrical and physical proper- 
ties that they should be useful in many microwave applications. 

A qualitative measure of field extent is given for several image 
lines at 35 or 70 kmc, and various image lines and associated com- 
ponents are discussed. A new type of image line, called the tape line, 
is described. 


* Manuscript received by the PGMTT, June 10, 1958. 
+ Radiation Lab., The Johns Hopkins Univ., Baltimore, Md. 
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INTRODUCTION 


mode rectangular waveguide has the important dis- 

advantage of high attenuation. Fig. 1 shows the 
theoretical attenuation for several standard waveguides. 
Further disadvantages are small physical size and 
relatively low power handling ability. These undesir- 
able properties have stimulated the study of other 
types of waveguides which might have improved char- 
acteristics. One type which appears to be satisfactory is 
circular metal waveguide propagating the TE mode. 
This type has low attenuation, but since it is not a domi- 
nant-mode waveguide, mode suppressors are required. 
This feature adds considerable complexity to the design 
and construction of components and sections of guide. 


|: THE frequency region above K band, dominant- 
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Fig. 1—Attenuation of several types of rectangular 
waveguide as a function of frequency. 


LOW-LOSS 
DIELECTRIC 


METAL IMAGE 


Fig. 2—Cross-sectional view of a dielectric image line. 


Another waveguide which has such advantages as low 
attenuation, dominant-mode operation, and moderate 
physical size is the dielectric image line. This structure 
has the further advantages of being simple in design 
and easy to construct. Fig. 2 shows a sectional view of 
the dielectric image line. The cross section of the dielec- 
tric material need not be semicircular, but this is the 
only shape which has been mathematically analyzed and 
for which the field equations and propagation character- 
istics are fully known. 

Prior to the present investigation many properties of 
image lines had been studied at K band! and at X band.? 
These studies included the construction of a variety of 
image line components and the measurement of losses 
in straight sections and bends. The present paper deals 
with the properties of image lines in the frequency re- 
gion from 24 to 100 kmce. 

Losses in a straight uniform section of image line are 
of two types: conduction loss on the image plane and 
dielectric loss. Explicit relations have been developed 
for the contributions to attenuation due to the dielectric 
and conduction losses when the dielectric has a semi- 
circular cross section (see Appendix). From the informa- 
tion contained in these relationships it is possible to de- 


1D. D. King, “Properties of dielectric image lines,” IRE TRANS. 
ON MIcrowAVE THEORY AND TECHNIQUES, vol. MTT-3, pp. 75-81; 
March, 1955. 

* D. D. King and S. P. Schlesinger, “Losses in dielectric image 
lines,” IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol. 
MTT-5, pp. 31-35; January, 1957. 
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termine which parameters of an image line system should 
be changed in order to reduce the attenuation. For ex- 
ample, by the use of metals of high conductivity, such 
as copper or aluminum, the conduction loss may be 
made relatively small in most cases. Dielectric loss is a 
function of dielectric constant, loss tangent, and size and 
shape of the dielectric cross section. Customarily, low- 
loss plastics such as polystyrene or polyethylene have 
been used in image lines, and the sizes of the dielectrics 
have been adjusted to give either a desired attenuatuon 
or a specified binding of the wave (loose binding results 
in low loss and vice-versa). In the present study the ef- 
fects of reduced size, low dielectric constant, and a shape 
of the cross section other than semicircular were con- 
sidered separately and in that order. 


SMALL DIAMETER POLYSTYRENE IMAGE LINES 


Asa first step in the design of low-loss image lines for 
use at millimeter wavelengths, values of attenuation 
were calculated for the case of a copper image plane and 
a semicircular polystyrene dielectric with a diameter of 
+ inch. This diameter was chosen because it appeared to 
be the smallest size polystyrene rod which could be ob- 
tained commercially at that time. The attenuation 
characteristics of the image line as a function of fre- 
quency are given in Fig. 3 where the contributions due 
to conduction loss (@,) and dielectric loss (aa) are shown 
separately. (In making these and other calculations, a 
conductivity of 5.8107 mhos per meter was used for 
copper, while a dielectric constant of 2.56 and a loss 
tangent of 10-* were assumed for polystyrene.) It is 
immediately obvious that this particular design is un- 
satisfactory, because of high attenuation, above 30 
kme. 

The next step was to reduce the diameter of the poly- 
styrene rod by turning it down in a lathe to % inch, 
which is about as small as a size as is practicable. Cal- 
culated attenuation values for this size semicircular di- 
electric on a copper image plane are plotted as a func- 
tion of frequency in Fig. 4. This image line has better 
attenuation characteristics than RG-98/U rectangular 
waveguide over most of the latter’s normal operating 
range (50 to 75 kmc). Since this image line showed prom- 
ise for use at millimeter wavelengths, a section of the 
line and some associated components (see Fig. 5) were 
built, tested, and found to give satisfactory performance 
at frequencies in the vicinity of 70 kmc. The semiparab- 
oloid shown at the right in Fig. 5 is used to focus the 
guided wave onto a detector mounted in a small gap in 
the image line dielectric. A micrometer screw drive is 
provided to permit fine movement of the paraboloid in 
a direction parallel to the dielectric rod. This makes 
possible the adjustment of the focus position to give 
maximum signal from the detector. Further details of 
the detector are shown in Fig. 6. Much of the diagram is 
occupied by a drive screw mechanism which has the 
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Fig. 3—Image line attenuation due to dielectric 
loss (ag) and copper image plane loss (a). 
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Fig. 4—Image line attenuation due to dielectric loss 
(aa) and copper image plane loss (a,). 


function of raising or lowering the silicon crystal at a 
very slow rate in order to make a proper contact with 
the tungsten cat-whisker. The whisker holder is a rec- 
tangular piece of metal cut from the image plane and 
insulated for dc purposes by means of the Teflon tape. 
The detected signal is taken out through the BNC con- 
nector. This detector operated satisfactorily at various 
frequencies in the range from 40 to 97 kmc. 


Foam POLYSTYRENE IMAGE LINES 


Above 70 kmc the ¢; inch diameter polystyrene image 
line has undesirably high attenuation. Since it is not 
practicable to reduce the dielectric size much further 
in order to obtain lower attenuation, the next step was 
to obtain low-loss plastics which have dielectric con- 
stants considerably lower than polystyrene. 

Ordinary polyfoam has the requisite low loss and low 
dielectric constant, but it has a structure which is ex- 
tremely nonuniform; cell sizes are appreciable fractions 
of a wavelength. However, some new foamed poly- 
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Fig. 5—Dielectric image line with launching horn and detector. 
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Fig. 6—Crystal detector mount for dielectric image line. 


styrene products now are available which do have very 
small cell sizes (diameters on the order of 0.1 milli- 
meter for one type), are easily machinable, and still 
retain the desired low loss, low dielectric constant prop- 
erties. 

Three such materials were selected for image line use. 
Because their properties had not been studied previ- 
ously, it was necessary to determine the dielectric con- 
stant and loss tangent of each. Samples of the materials 
were placed in rectangular waveguide and a conven- 
tional shorted-line technique previously described by 
Montgomery® was used to measure the values necessary 
for calculation of the dielectric constant and loss tan- 
gent. Table I gives the results obtained for the fre- 
quency region from 30 to 40 kmc. In addition, a sample 
of Dow Q103.21 was measured at 72 kmc and found to 
have a dielectric constant of 1.09 and a loss tangent 
slightly less than 107%. 


8 C. G. Montgomery, “Technique of Microwave Measurements,” 
McGraw-Hill Book Co., Inc., New York, N. Y., p. 621; 1947. 
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TABERAL 


CHARACTERISTICS OF POLYSTYRENE FoaM MATERIALS IN THE FRE- 
QUENCY RANGE FROM 30 TO 40 KMC 


Dielectric Loss 
Type Manufacturer Constant] Tangent 
0103.21 Dow Chemical Company eal <i alOme 
0865.2 Dow Chemical Company 1.02 <5 510m 
Extruded Dylite | Koppers Company, Inc. if OS So Oi 


With the availability of the desired materials estab- 
lished, the attenuation characteristics as a function of 
frequency were calculated for several image lines. The 
calculated values were checked experimentally at 35 
and/or 70 kme by means of a transmission-type image 
line resonator. Since the resonator technique has been 
described by King and Schlesinger,? it will not be dis- 
cussed in detail here. In the present case the aluminum 
resonator was 24 inches wide, had semicircular end- 
plates with a 24-inch diameter and could be varied in 
length from zero to 36 inches. One end-plate was fixed 
in position, while the other was movable on the image 
plane and contained a choke joint along the full 24-inch 
width of contact with the image plane. (Actually, two 
different movable end-walls were available, each with a 
different choke joint, designed for operation at 35 kmc 
in one case and 70 kmc in the second.) Appropriate in- 
put and output waveguide coupling holes were made in 
the fixed and movable end-walls, respectively, with dif- 
ferent adapters available for use with either RG-96/U 
or RG-98/U rectangular waveguide systems. 

Calculated attenuation data for two foam image lines 
are given in Fig. 7. The ordinate scale has been ex- 
panded by a factor of ten compared with the previous 
attenuation figures. The measured attenuations at 35 
kmce for line number one and at 70 kme for line number 
two were approximately twice the calculated values. 
The larger measured value is attributed partly to the 
additional loss introduced by the cement used to fasten 
the dielectric rod to the image plane. Several different 
cement materials were used in the experiments, but all 
were known to have considerably more loss than the 
polystyrenes used for the image lines. A further small 
loss term may have been caused by radiation from sur- 
face irregularities on the image plane or plastic material; 
in particular, the dielectric rods were cut in relatively 
short sections, about two feet in length, which meant 
that butt joints (which never mated exactly) were 
present in all of the image lines. 

A qualitative measurement of significant “field ex- 
tent” was determined for the image lines of Fig. 7 by 
moving the end of a 3 inch square aluminum bar toward 
the dielectric rod (from directly over the rod and also 
from the side of the rod) and observing the largest radius 
at which the bar caused an observable effect on the 
signal detected at the output of the image line resonator. 
The radius of field extent is three inches for line number 
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Fig. 7—Characteristics of two different image lines, each with copper 


image plane and foam polystyrene dielectric (e=1.05, loss tan- 
gent=10°%). 


one at 35 kmc and less than # of an inch for line number 
two at 70 kme. 


TAPE OR RIBBON LINES 


It is now possible to obtain polyethylene and Teflon 
in the form of thin, narrow tapes, some of which even 
have adhesive backing. The cross section of the tapes is 
rectangular, but the thickness to width ratio of such a 
rectangle is so small that the shape may be considered 
to be a degenerate ellipse (7.e., with an eccentricity of 
unity). The attenuation for a polyethylene tape 35 inch 
wide and 0.005 inch thick was measured, using the 
resonator technique, to be 0.02 decibel per meter at 
69.4 kmc. A Teflon tape ~ inch wide and 0.002 inch 
thick, with an adhesive backing 0.0045 inch thick, had a 
measured attenuation of 0.09 decibel per meter at 69.5 
kmc. The radius of field extent for each tape was ap- 
proximately one inch. Since thinner and/or narrower 
tapes than these are available, it should be possible to 
obtain attenuation factors for the 70 to 100 kmc fre- 
quency range which would be considerably lower than 
those shown in Fig. 7 for a @¢ inch diameter foam poly- 
styrene image line. 


DISCUSSION 


This study has shown that it is possible to construct 
dielectric image lines which have low attenuation and 
small field extent in the frequency region from 30 to 100 
kme. Operating bandwidths are comparable to those of 
dominant-mode rectangular waveguides. The three new 
foam plastic materials discussed earlier have such good 
electrical and physical properties that they should be 
very useful for many purposes at millimeter wave- 
lengths. The ease of construction and basic simplicity 
of the image lines, especially the tape line, have not 
been emphasized earlier in the text, but certainly should 
be noted as an advantage of this type of waveguide. 
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APPENDIX 


The computation of attenuation factors is lengthy 
and complicated. For image lines which have dielectrics 
with semicircular cross sections, the contributions to 
attenuation due to dielectric loss (ag) and conduction 
loss (@,) may be found from the following expressions: 


Pe 
aa = 27.3 (S)r decibels/meter (1) 
Fae ee 
ae = 69.5 —) decibels/ meter (2) 
uD 


where 


® = loss tangent of the dielectric rod 
e=relative dielectric constant of the rod 
\ =free-space wavelength (meters) 
n = intrinsic impedance of free space 
R,=surface resistivity of the image plane. 
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The factors R and R’ are complicated functions of the 
dielectric constant and diameter (in free-space wave- 
lengths) of the rod. Explicit expressions for R and R’ 
may be found in the paper by King and Schlesinger. 
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The Interaction of Microwaves with Gas- 


Discharge Plasmas* 
SANBORN C. BROWN} 


Summary—tThe interaction of microwaves with gas-discharge 


plasmas provides a valuable tool for studying the fundamentals of 


gas-discharge phenomena and methods of controlling and switching 
microwave power. A summary of our present state of knowledge in 
this field is presented by using as particular examples the interaction 


of high density and low density gas-discharge plasmas in S-band 


resonant cavities, both in the presence and absence of dc magnetic 
fields. 


INTRODUCTION 


HE effective dielectric coefficient of a plasma! in 
the absence of a magnetic field is given by 


Kee . (1) 


Here w, is the plasma frequency given by the relation 
w,?=ne?/mey; w is the applied radian frequency, and », 
is the collision frequency of electrons in the gas given 
by v,= (constant) p, where p is the pressure. The square 


* Manuscript received by the PGMTT, June 11, 1958; revised 
manuscript received, July 30, 1958. This work was supported in part 
by the U. S. Army (Signal Corps), Air Force (Off. of Sci. Res., Air 
Res. and Dev. Comm.), and Navy (Off. of Naval Res.), and in part 
by the Atomic Energy Commission. / 

+ Res. Lab. of Electronics, Mass. Inst. Tech., Cambridge, Mass. 

1H. Margenau, “Conduction and dispersion of ionized gases at 
high frequencies,” Phys. Rev., vol. 69, pp. 508-513; May, 1940. 


root of the dielectric coefficient (1) is related to the at 
tenuation and phase shift of a plane wave, as repre- 
sented in Fig. 1. This figure is calculated for the specific 
case of hydrogen gas at a microwave frequency of 4500 
mc. In the low density region the attenuation and the 
phase shift are linear functions of the density, but at 
higher densities this linearity disappears and the func- 
tional relation becomes more complicated. In the usual 
use of microwave techniques for the diagnostic studies 
of plasmas, a restriction is placed on the method by the 
complexities of the solution in high density regions 
where the linear dependence does not hold. Usually, the 
microwave technique is restricted to the low density 
region well below the plasma frequency at which 
w@,/w=1. 

The solution shown in Fig. 1 is valid in the absence of 
a magnetic field. If a magnetic field is applied, the di- 
electric coefficient depends not only upon the density 
and magnitude of the magnetic field, but also on the 
geometrical configuration that is under consideration 
and the direction of propagation of the electromagnetic 
wave with respect to the magnetic field. Four cases can 
be distinguished for the purpose of simplifying the dis- 
cussion; they are given in the following equations.? 


2 W. P. Allis, “Motions of Ions and Electrons” in “Handbuch der 
Physik,” Springer Verlag, Berlin, Ger., vol. 21, pp. 383-444; 1956. 
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Fig. 1—Phase shift and attenuation of a plane wave 


as a function of electron density. 


Propagation along B Field 


Right-handed circularly polarized plane wave: 


Wp" 1 
laa ee (2a) 
0? Wh Ve 
(94 
(6) (6) 
Left-handed circularly polarized plane wave: 
Wp" 1 
jo ee (2b) 
w? Wb Ve 
Cee 
(6) @ 
Propagation Perpendicular to B Field 
E field parallel to B: 
Wp” i) 
Kip=1- (2c) 
w Ve 
ag 
Ww 
E field perpendicular to B: 
Dog KK, Wp” Wy? — w? 
2 Meee —— (2d) 
K,+ K, @? Wy? + wy? — w? 


Here the symbol oy refers to the cyclotron frequency 
eB/m. In (2d) there is a component of £ field along the 
B field so that the £ field is not divergenceless. In this 
equation, also, the approximation is written in the ab- 
sence of collision ve=0. 

In a guiding structure such as a microwave cavity 
the dielectric coefficient must be represented by one or 
more of the coefficients mentioned above. As a result, 
it is not possible, even at low electron densities, to ob- 
tain a general theory in a form that is suitable for ex- 
perimental verification and use in the microwave diag- 
nostics of a magnetized plasma which is valid for all 
possible configurations of the microwaves. Conse- 
quently, only a few special configurations of the micro- 
wave field are analyzed. The discussion is restricted to a 
narrow cylindrical plasma column placed coaxially in a 
cylindrical microwave cavity. The behavior of the 
modes TMin, TEou, and TMoio or TM o99 is considered. 
The static magnetic field, in all cases, is applied along 
the axis of the cavity. 


circularly polarized fields rotating in opposite directions. 
As mentioned earlier, the refractive index of the plasma 
is different for the two fields. As a result, the resonant 
frequency of the cavity splits into two frequencies, and 
the frequency shifts are given by® 


= 
Af Wp” @ / 
mie Lae : 


a 


The subscript arrows denote the rotation of the £ field 
and the rotation of the electrons in the magnetic field. 
Thus in the first equation the £ field is rotating in the 
same direction as the electrons; and in the second equa- 
tion, the E field is considered as rotating in the opposite 
direction from the electrons. The solution for this set of 
equations is given graphically in Fig. 2. Also shown in 
this figure is a diagram of the TMin mode, in which the 
electric field is represented by solid lines, and the plasma 
on the axis of the cylindrical cavity is represented by a 
shaded circle. The magnetic field is perpendicular to 
the plane of the figure. Fig. 2 gives the solution of (3) 
for the resonant-frequency shift as a function of electron 
density with w/w kept constant. If the equations for the 
resonant frequency are solved as a function of the ratio 
w, to w for a constant density, the result is as shown in 
Fig. 3. It is obvious from this figure that for the case of 
the electric field rotating in the same direction as the 
electrons, the frequency shift is a complicated function 
of the magnetic field applied to the plasma. 


High Electron Densities 


When the electron densities are high, w,>w, the 
relations for the frequency shift are invalid, mainly be- 
cause the field in the plasma cannot be approximated 
at high electron density by the field in the absence of a 
plasma, the approximation which was made in the for- 


* J. C. Slater, “Microwave electronics,” Revs. Mod. Phys., vol. 18, 
pp. 441-512; October, 1946. 
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Fig. 2— Resonant frequency shift as a function of electron density 
for the TMin mode. The magnetic field is perpendicular to the 
plane of the figure. 
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Fig. 3—Frequency shift as a function of magnetic 
field for the TMi mode. 


mer case. By far the most difficult problem is that of the 
TMin mode. Here the field in the plasma is no longer 
linearly polarized but, because the skin depths for the 
left and right-handed rotating waves are different, the 
field is elliptically polarized. The degree of ellipticity is 
a function of the radius and of the density distribution. 
The exact solutions to this problem therefore, have not 
been attempted. 


TEou Move (NONDEGENERATE MODEs) 


Low Electron Densities 


In this case the perturbation theory can be extended 
in a straightforward manner for taking into account the 
presence of the static magnetic field. The dielectric 
coefficient becomes a tensor. At low electron densities, 
the field in the plasma can be approximated by the field 
in the absence of the plasma, so that only one diagonal 
component of the tensor needs to be considered. For 
very low pressures, the frequency shift becomes 
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Apes w?[p,2 + w? — ws?| 

fw? [v2 + (wo + w»)?] [pe + ( — wr)? 
Eq. (4) exhibits an interesting property of the TEou 
mode, namely, that the frequency shift is zero when 


w,”=w?+y,? independent of the electron density. This 
has been used as a direct measure of p,. 


eg) 


High Electron Densities 


The TEon mode is the mode that is ideally suited for 
measurement of high electron densities in the absence of 
static magnetic fields,4 because its azimuthal field does 
not excite an ac space charge in an axially symmetric 
plasma. In the presence of a static magnetic field, this 
is no longer true. The nonisotropic nature of the plasma 
causes radial currents and radial fields, which contribute 
to the frequency shift. A first-order correction to the 
perturbation formula can be obtained by using a pseudo- 
static approximation, in order to compute the radial 
microwave field in the plasma. Plots of the frequency 
shift obtained are shown in Fig. 4, and they are com- 
pared with the plot obtained from the simple perturba- 
tion formula which neglects the radial fields. A striking 
feature is the oscillation in Af/f. The magnitude of the 
resonance becomes larger as the v, becomes smaller. 

The behavior of the Q value of the cavity also can be 
calculated as a function of the electron density. A cal- 
culation of this sort leads to the results shown in Fig. 5, 
where we see a resonance minimum in A(1/Q). In the vi- 
cinity of the resonance, the Q value of the cavity is so 
low that accurate measurements of Af/f are difficult to 
obtain. A quantitative experimental verification has not 
yet been made, although a resonance in the Q value of 
the cavity has been observed. Although we can predict 
qualitatively the behavior of Af/f and A(1/Q) with the 
electron density, we know that quantitatively our solu- 
tions are not correct. This is so because the assumptions 
about the field in the cavity, which were made in order 
to derive the basic equations, are not compatible with 
the nonisotropic nature of the plasma when the plasma 
radius is not negligible compared with the wavelength. 
It is well known that in a nonisotropic medium, a pure 
TE mode is not possible. This is also true for the region 
of the cavity outside the plasma. In the present case the 
field in the cavity and in the plasma is some superposi- 
tion of the fields of the TEou and the TMou modes. An 
exact solution of this problem is possible. It results in a 
transcendental equation for the complex resonant fre- 
quencies of the cavity which is in the form of a 6X6 de- 
terminant, and it must be computed by numerical 
means. 

TMomo (E PARALLEL TO B) 


Low Densities 
When the microwave mode is such that the £ field is 
parallel to the B field, the effective dielectric coefficient 


4S. J. Buchsbaum and S. C. Brown, “Microwave measurements 
of Stes densities,” Phys. Rev., vol. 106, pp, 196-199; April 
15, 195 


72 IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


——PERTURBATION THEORY 
— SECOND ORDER THEORY 
! j 


i 
6 8 10 12x10!! 


ELECTRON DENSITY (cm >) 


R/a = 1/10, f9= 4500 Mc/sec 


RESONANT FREQUENCY SHIFT (Mc/sec) 
fe} 


Fig. 4—Frequency shift as a function of electron 
density for the TEou mode. 
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Fig. 5—The Q value as a function of electron 
density for the TEon mode. 


is given by (2c). The frequency shift is independent of 
the magnetic field in the limit of zero electron temper- 
ature, and it is given by 


Bar Pals (5) 


The solution of (5) for the frequency shift is given in 
Fig. 6; the curve is marked “Perturbation Theory.” 


High Electron Densities 


Since the £ field of these modes can be made to co- 
incide with the direction of the static magnetic field, the 
T Momo modes do not suffer from the disadvantages that 
the nonisotropic nature of the plasma imposes on all 
other modes that have a component of the E field at 
right angles to the B field. Although the TMono are not as 
ideal as the TEou mode, they are well suited for measur- 
ing high electron densities in those plasmas that do not 
possess density gradients in the axial direction. The 
disadvantage of the TMomo modes lies in the fact that 
the shift in the resonant frequency of the cavity is large 
when the plasma density is high. Consequently, the 
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Fig. 6—Frequency shift as a function of electron 
density for the TM 20 mode. 
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Fig. 7—Summary of field distributions for the 
TMin, TEon, TMo0 modes. 


perturbation formula is again inadequate and exact 
analysis must be resorted to. In this case, however, the 
analysis is fairly straightforward. Fig. 6 shows the fre- 
quency shift of a TMoz mode cavity as a function of 
plasma density, which is assumed to be uniform, whose 
radius is 75 of the cavity radius. 


MEASUREMENT OF ELECTRON 
Density DISTRIBUTION 


Since the £ fields of the three modes that have been 
discussed have different radial and axial functional de- 
pendences, the simultaneous use of two of the three 
modes yields information about the electron density 
distribution along the appropriate directions. The use 
of the TMi mode, with # approximately constant with 
R, and of the TEou mode, with E varying as R, yields 
information about the density distribution along the 
radius. The use of the TMi mode, with Z varying as sin 
(2/L), and of the TMoio mode, with E approximately 
constant with z, gives the distribution along the axis of 
the plasma. These results are summarized in Fig. 7. 
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High Power, Magnetic Field Controlled Microwave 
Gas Discharge Switches* 


S. J. TETENBAUM} ann R. M. HILLt 


Summary—A new type of gas discharge switch is described. It is 
electronically controllable, broadband, and capable of rapidly switch- 
ing high power pulsed microwaves from either of two waveguide in- 
put ports to a single waveguide output port, or from one waveguide 
input port to either of two waveguide output ports. The electronic con- 
trol is achieved by turning on or off a magnetic field set for cyclotron 
resonance. An approximate analysis is given of the operation of the 
active element of the switch and the results are compared with ex- 
periment. An analysis of the effects of frequency scaling indicates 
that, with the exception of the magnetic flux density which increases 
with increasing frequency, the switch parameters either improve or 
remain unchanged in going to higher frequencies. Two different 
switch configurations are investigated, one a Y-junction switch for 
operation at S band and the other a balanced top-wall hybrid coupler 
switch for operation at K, band. Their electrical characteristics are 
described. 


INTRODUCTION 


HERE are many applications in which it is de- 

sirable to be able to switch microwave power from 

one or more waveguide input ports to one or more 
waveguide output ports in a controlled manner. This 
investigation has been specifically concerned with 
switching the output from either of two transmitters to 
a common antenna. 

The controlled switching of pulsed microwave power 
can be accomplished in a number of different ways. 
Mechanical waveguide switches are commonly used, 
but are relatively slow acting, requiring of the order of 
100 milliseconds to operate. A voltage pulsed germa- 
nium crystal diode can provide microwave switching! but 
is limited to very low powers. The nonreciprocal proper- 
ties of ferrites in magnetic fields can also be used for 
switching applications.? The temperature dependence 
of ferrites limits their high power capabilities. The isola- 
tion of ferrite switches is also considerably less than that 
of mechanical switches and gas switches. 

Gas discharges are particularly suitable for the rapid 
switching of high powers. In a TR tube a microwave 
gas discharge acts as the switching element. The inci- 
dent high power transmitted signal causes the gas in the 
tube to break down, thus effectively isolating a receiver. 


* Manuscript received by the PGMTT, July 25, 1958; revised 
manuscript received, September 5, 1958. A summary of this work has 
been reported by the authors in “High power, broadband, microwave 
gas discharge switch tubes,” 1958 IRE NATIONAL CONVENTION 
REcoRD, vol. 6, pt. 1, p. 83. Part of the work was performed under 
U. S. Army Signal Corps Contract DA 36-039-SC-73188, and part 
under Contract DA 30-069-ORD-1082. Sige ’ 

+ Sylvania Microwave Phys. Lab., Mountain View, Calif. ; 

1M. A. Armistead, E. G. Spencer, and R. D. Hatcher, “Micro- 
wave semiconductor switch,” Proc. IRE, vol. 44, p. 1875; December, 
1956. eS ee 
2G. S. Uebele, “High-speed ferrite microwave switch, 1957 IRE 
_ NaTIonaL CONVENTION REcorRD, vol. 5, pt. 1, pp. 227-234. 


The low power received signal cannot break down the 
gas and proceeds with low loss to the receiver. Such a 
power-actuated device has little possibility of providing 
electronically controlled switching. 

Direct current or low-frequency gas discharges can be 
used to switch microwave power by controlling either 
the attenuation or phase shift of a switch tube? 
Switching is accomplished by voltage pulsing of the gas 
tube. Such devices have power limits of a few hundred 
watts. At higher microwave inputs, the discharge is 
captured by the microwave power so that the tube fires 
whether or not the voltage pulse is applied to it, and 
switching action is lost. 

The gas discharge devices mentioned above operate 
with no applied magnetic field. The presence of a de 
magnetic field profoundly changes the characteristics 
of the discharge,°* and offers the possibility of obtaining 
controlled high power switching by varying the mag- 
netic field applied to the gas. 


RECTANGULAR 
WAVEGUIDE 


a 
MICROWAVE 
WINDOWS 


Fig. 1—Schematic of switch tube. 


GENERAL DESCRIPTION OF SWITCHING ELEMENT 


The active element of the switches to be described 
below is a tube shown schematically in Fig. 1. It consists 
of a section of rectangular waveguide sealed off at both 
ends with vacuum windows and containing a rare gas or 
mixture of rare gases at a pressure of the order of tenths 


3 L. Goldstein and N. L. Cohen, “Radio frequency conductivity 
of gas discharge plasmas in the microwave region,” Phys. Rev., vol. 
73, p. 83; January, 1948. 

4. M. Bradley and D. H. Pringle, “Some new microwave control 
valves employing the negative glow discharge,” J. Electronics, vol. 
1, pp. 389-404; January, 1956. ; 

5B. Lax, W. P. Allis, and S. C. Brown, “The effect of magnetic 
field on the breakdown of gases at microwave frequencies,” J. Appl. 
Phys., vol. 21, pp. 1297-1304; December, 1950. | ‘ 

6 L. Goldstein, “Nonreciprocal electromagnetic wave propagation 
in ionized gaseous media,” IRE TRANS. ON MICROWAVE THEORY AND 
TECHNIQUES, vol. MTT-6, pp. 19-29; January, 1958. 
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of millimeters of Hg. A dc magnetic field is applied 
perpendicular to the microwave electric field in the tube. 
Either a longitudinal magnetic field as shown or a trans- 
verse field parallel to the broad face of the waveguide 
may be used. 

The tube is fired by the incident high level microwave 
power, in a time of the order of one hundredth of a 
microsecond, when the applied magnetic field is near 
electron cyclotron resonance. A cyclotron resonant mag- 
netic field is one for which wz, the angular frequency of 
an electron’s spiral motion about the flux lines, is equal 
tow, the angular frequency of the microwaves. Denoting 
the charge and mass of the electron by e and m, re- 
spectively, ws =eB/m in mks units. The cyclotron reso- 
nant magnetic field is denoted by B, and has a value of 
around 1200 gauss at S band. Near cyclotron resonance, 
there is a large transfer of energy from the microwave 
electric field to the electrons and a strong discharge 
occurs. The resultant high electron density of the plasma 
acts like a short circuit at the inside surface of the in- 
put window. When the applied magnetic field is zero or 
sufficiently far from cyclotron resonance, the tube is 
unfired in the presence of the incident microwaves, and 
acts like a low-loss section of waveguide. Thus, the on- 
off action of the switching element can be controlled by 
varying the magnitude of the applied magnetic field. 


THEORY 


The high level characteristics of the switch tube de- 
pend upon certain fundamental microwave gas dis- 
charge parameters such as breakdown field, arc loss, 
and recovery time. The breakdown field is determined 
by the properties of the plasma during its breakdown 
period, the arc loss depends upon the plasma’s steady 
state properties, and the recovery time is a function of 
the properties of the plasma’s afterglow period. A com- 
plete theoretical analysis of the behavior of the plasma 
would be very difficult, but one can obtain qualitative 
information on the switch tube parameters from an ap- 
proximate analysis. The principal assumptions are as 
follow. 


1) An average.electron interacts with a low pressure 
rare gas. 

2) The magnetic field, electric field, collision fre- 
quency, diffusion coefficient, etc., are uniform over 
the gas volume. 

3) The only collision processes are elastic collisions 
and inelastic ionizing collisions between electrons 
and atoms. 

4) The only electron production mechanism is ioni- 
zation and the only electron loss mechanism is 
diffusion (free diffusion in breakdown period and 
ambipolar diffusion during steady state and after- 
glow periods). 


Additional assumptions are mentioned when pertinent. 
The continuity equation for electrons can be written 
as 
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where x is the electron number density, v; is the ioniza- 
tion rate per electron, or the number of electrons per 
electron produced per second by ionization, and vq is 
the number of electrons per electron lost per second by 
diffusion to the walls of the tube. 

During the high power pulse, an electron gains energy 
from the microwave field until it ionizes a gas atom or 
diffuses out to the walls. Gas breakdown is initiated and 
the electron density builds up when the number of 
electrons produced by ionization just exceeds the num- 
ber lost by diffusion. The electron density increases 
exponentially from its initial value of around 10%/cc to 
approximately 108/cc, at which time the much slower 
process of ambipolar diffusion sets in and the electron 
density increases at a much faster rate than before. This 
electron density buildup continues until a condition of 
“magneto-plasma resonance”® is attained, at which 
time the plasma acts like a short circuit reflecting most 
of the incident power except for the small amount ab- 
sorbed to maintain the discharge. Between pulses the 
discharge decays. If the incident power is much greater 
than the power required for breakdown, as is usually 
true in these tubes, v;>>vag and the diffusion losses can be 
neglected in determining the breakdown parameters. 
Breakdown then is determined solely by the power 
transfer from the microwave field to the electrons, 
maximum power transfer and hence maximum rate of 
ionization, corresponding to minimum breakdown — 
power. For sufficiently low pressures and magnetic 
fields, however, diffusion losses must be taken into ac- 
count. Now 


p VU iP 
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where v is the momentum transfer collision frequency or 
the number of elastic collisions per second between an 
electron and a neutral atom, n; is the average number 
of collisions for an electron starting from rest to reach 
ionization potential, u; is the ionization potential in 
electron volts, u, is the average energy gain by an elec- 
tron between collisions in ev, and P is the power transfer 
per electron or the power absorbed by an electron. P 
has been derived by Lax et al.5 and is given by 


e* Eo v v 
P= | oS “4 epee | (3) 
4m L(w+ wp)? + vy? (w — wp)? + v? 
Eo is the amplitude of an average electric field over the 
switch tube during the breakdown period and is as- 


sumed uniform. The collision frequency y is directly 
proportional to the pressure and can be expressed as 


vy = 5.9 X 107u!!pP, (4) 


where u = mv?/2e is the electron energy in ev, Pm is the — 
so-called “probability of collision” and is a function of 
the type of gas and the electron’s energy, and p is the 
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Fig. 2—Power transfer vs magnetic field. 


pressure in mm of Hg. The electronic mean free path 
is the reciprocal of the quantity pPm. 

The second term of (3) is the resonance term and pre- 
dominates at low pressures and in the vicinity of cyclo- 
tron resonance. Setting P’=(4mw/e?E,)?)P, a=ws/w 
= B/B, and b=v/w, Eq. (3) is normalized to 


os b b 
‘e (ao ay eae ©) 
P’ is the relative power transfer, a is proportional to the 
applied magnetic field and is called the relative mag- 
netic field parameter, and bis the relative pressure param- 
eter. 

Eq. (5) is plotted in Fig. 2, which shows the relative 
power transfer vs magnetic field for a number of dif- 
ferent pressures. The curve has a maximum close toa=1 
or cyclotron resonance. The lower the pressure, the 
nearer the maximum is to a=1, occurring within 1 per 
cent of this point for 6<0.4. The half width of the reso- 
nance (between half-power points) decreases with de- 
creasing pressure, and for low pressures it is equal to b. 
The power transfer at cyclotron resonance increases 
with decreasing pressure and the power transfer outside 
the half-power points increases with increasing pressure. 

The condition for maximum power transfer and hence 
the approximate minimum breakdown power is obtained 
from (5) by setting dP’/db=0. The maximum value of 
P’ and the corresponding value of } as functions of mag- 
netic field are plotted in Fig. 3. The maximum power 
transfer goes through a resonance at a=1 while the 
value of b for which maximum transfer occurs first de- 
creases and then increases as the magnetic field increases 
through cyclotron resonance. At zero magnetic field, 
the maximum value of P’ occurs at }=1. Conventional 
TR tubes usually operate near this condition. At cyclo- 
tron resonance, the maximum power transfer is infinite 
and occurs at b=0. It is apparent that in order to take 
advantage of the large increase in power transfer and 
hence the large decrease in breakdown power near 
cyclotron resonance, it is necessary to operate at as low 
a pressure as possible. In actual practice, as b approaches 
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Fig. 3—Maximum power transfer and corresponding 
v/w vs magnetic field. 


zero, (3) ceases to be valid so that experimentally there 
is a low pressure limit below which the breakdown power 
begins to increase due to the decreased ionization rate 
and increased diffusion losses. For helium in S-band 
waveguide in a transverse magnetic field, this limit, 
called the mean free path limit, occurs at a value of 
b approximately equal to 0.06. The operating pressure 
which gives optimum breakdown is not necessarily the 
best pressure as far as the other electrical characteristics 
of the switch are concerned and it is necessary to com- 
promise on its value. In all cases, however, operation will 
be in the low pressure region in which v?<w?. It there- 
fore is assumed that 0?<1, which is equivalent to the 
assumption that there are many oscillations per colli- 
sion. Eq. (5) then reduces to 


(Pa = . or (Pr)anr ~ 5. (6a) 
@ysr= — or (Preaei ~ g(a) ee) 


where g(a) = (1—a?)?/1+a’. 

Eq. (6a) states that the power transfer at cyclotron 
resonance is inversely proportional to the pressure or 
that the breakdown power at cyclotron resonance is 
directly proportional to the pressure. Eq. (6b) implies 
that beyond the half-power points of the resonance 
curve, the breakdown power is inversely proportional 
to the pressure and directly proportional to the mag- 
netic field dependent quantity g(a). The breakdown 
power dependence given in (6b) would not be valid for 
pressures and magnetic fields for which the diffusion 
losses could not be neglected during the breakdown 
period. 

A convenient way to define the breakdown or firing 
time is to let it represent the time interval between the 
beginning of the magnetron pulse and the point at which 
the attenuation of the plasma begins to increase rapidly. 
This is near the point at which ambipolar diffusion sets 
in (n~108/cc). This point may be identified with the 
peak of the spike of the transmitted pulse and can be 
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thought of as corresponding to the end of the break- 
down period. The small additional time interval re- 
quired for m to reach magneto-plasma resonance is neg- 
lected. Thus, solving (1) for va=0 and using (2) along 
with the auxiliary conditions, 7=10*/cc at t=0 and 
n=108/cc at =f, one obtains 

12umw 
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Using (6a), (6b), and (4), and assuming that the average 
energy of the electrons is proportional to the ionization 
potential and denoting the input power by Pin, 


Ui! Pm 
tox) a=1 ~~ ———— (8a) 
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(to aei ~ PinpPn : (8b) 


One difficulty in attempting to verify (8) experimentally 
is that ft is of the same order of magnitude as the rise 
time of the incident high power pulse and hence, Pin, 
instead of being constant, is itself a function of the 
breakdown time. 

The actual breakdown power, P»., depends upon the 
shape of the pulse. However, its qualitative dependence 
upon the magnetic field, gas, and pressure can be ob- 
tained by assuming CW conditions and defining Py, as 
that input power which breaks down the gas in a given 
time. Hence, using (8a) and (8b), 
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As expected, (9) is consistent with (6), but also gives the 
explicit dependence on the fundamental constants of 
the gas. 

The important afterglow parameter is the recovery 
time, t,, which may be defined as that time after the 
end of the high power pulse at which the attenuation 
of a probing signal transmitted through the switch 
tube has decreased to 3 db more than its attenuation in 
the absence of the discharge. It is assumed that the 
electrons and positive ions are in thermal equilibrium 
with the gas, that v;=0, and that the only decay mech- 
anism is ambipolar diffusion. The loss rate per electron 
is readily obtainable from the diffusion equation and is 
given by 


Da 


= ne 


Va 


(10) 


where D, is the ambipolar diffusion coefficient and A, is 
the effective diffusion length of the gas container. For a 
rectangular parallelopiped switch tube of dimensions 
L,, L, and L., the characteristic diffusion length A in the 
absence of a magnetic field is given by 
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where A, =L,/7, etc. The effect of the magnetic field is 
to increase the effective size of the tube in directions 
perpendicular to the field. Thus, for a magnetic field 
along the z axis, the effective diffusion length Ag is 
given by 


2 

La y [=+=]+ eer 
Ap? (v2 + wp”) Nes De® INS Nee 
The approximation in this equation holds except for 
sufficiently small applied magnetic fields, or for A, or 
A, very much less than Az. 

Substituting (10) into (1) and solving for m under the 
assumption that the magnetic field is constant during 
the afterglow period gives 


n = no exp (— Dat/ Az?) (13) 


where 7p is the electron density at the beginning of the 
afterglow. Let 1, be the electron density of the plasma 
when the 3-db attenuation point is reached. Then =n, 
when t=#, and 
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log (no/n,). (14) 


ty = 

The quantity (D,)p is a constant for a given gas. The 
quantity mo varies approximately as (Pin)* where aisa 
positive constant. Hence a plot of ¢, vs log Pin is linear. 

In the steady-state discharge condition of the high 
power switch tubes, the density of the plasma is beyond 
magneto-plasma resonance and thus shields the interior 
from the fields outside. This means that the incident 
power is reflected except for the portion required to 
maintain the plasma in equilibrium. The power not re- 
flected is absorbed by the discharge, since the power 
transmitted through the discharge is negligible. The 
absorbed power is dissipated primarily in the form of 
heat. 

The per cent arc loss of a switch tube can be defined 
as Pabs/Pin, where Paps is the power absorbed in the 
steady-state plasma. P.»3 may be expressed in terms of 
a, the conductivity of the discharge. The presence of 
the magnetic field gives rise to a tensor conductivity, 

o 


which can be obtained from the relation ¢ = neu where 
the mobility anny given by Allis.7 The conductiv- 
ity tensor, for the magnetic field along the g axis, is 

ou or O 
Ost vilty 
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a W. P. Allis, “Motions of Ions and Electrons” in “Handbuch Der 
Physik,” Springer-Verlag, Berlin, Ger., vol. 21, p. 394; 1956. 
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Fig. 4—Breakdown power vs magnetic field in 
vicinity of cyclotron resonance. 


For an incident electric field along the x axis, the electric 
field £ in the plasma will have components essentially 


along the x and y axes due to the action of the magnetic 
Ss 


field. The current density is /=o-£ and the absorbed 


i 4 ; SS SS 
power per unit volume is given by Re{E-c-E}. Hence 
o- CO 


using E=71E,+jE, and denoting the volume by IV, 


Pate = VE? Re {ou}. (16) 
Assuming v?<w?, (15) and (16) reduce to 

eVnk? 

CP in) oat =~ : (17a) 

2myv 

e’VnE*y 

(Pabs)az1 = Sig Sy aN 2 (17b) 
mug (a) 


It is not known how £ and z in the switch tube vary 
with the pressure, magnetic field, input power, and type 
of gas. Experimentally, for peak input powers of around 
100 kw, the absorbed power is appreciable, being 10 
per cent or more of the incident power. Hence the elec- 
tric field inside the discharge is determined primarily 
by the incident electric field rather than the space 
charge field. Assuming that E~Ex, or E’~Pox in so 
far as their variation with the type of gas, pressure, and 
magnetic field is concerned, (17), (9), and (4) give for all 
magnetic fields 


Pabs ™ NU. (18) 
On discharge, the high power switch tube operates be- 
yond magneto-plasma resonance and it is expected that 
n will not vary much with changes in pressure or mag- 
netic field. If all the input power went into ionization 
and there were no losses, 7~Pin. Considering losses, one 
can say very approximately that n~(Pin)* where 
0<a<1. Hence, dividing both sides of (18) by Pin, 


Ui 
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arc loss ~ 
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—__| Freq: 2.84 kmc 
Pulse width: 2 usec. 
PRF: 500/sec. 
B-Field: Transverse 
Tube length: 7/° 
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Fig. 5—Breakdown power ys magnetic field in argon. 


COMPARISON OF THEORY AND EXPERIMENT 


The theoretical curves of Fig. 2 imply that at low 
pressures, the breakdown power vs magnetic field 
characteristic should exhibit a minimum at cyclotron 
resonance, the width of the resonance should decrease 
with decreasing pressure, the cyclotron resonance 
breakdown power should decrease with decreasing 
pressure, and the breakdown power off cyclotron reso- 
nance should increase with decreasing pressure. 

Fig. 4 is a plot of the experimental breakdown power 
in helium plus 1 per cent neon in the vicinity of cyclo- 
tron resonance. The data were taken under relatively 
low input power conditions. The frequency was 3.15 
kmc, the PRF was 100 per second and the pulse width 
was 4.7 usec. The tube was a tapered pyrex bottle fit- 
ting snugly into the S-band rectangular waveguide. A 
solenoid provided a uniform longitudinal magnetic 
field. The curves are in qualitative agreement with the 
theory. One interesting feature is the effect of the mean 
free path limit. As the pressure decreases, the break- 
down power at cyclotron resonance decreases until this 
limit, which occurs at a pressure near 50 microns of Hg, 
is reached. Below this limit the breakdown power in- 
creases with decreasing pressure. 

Fig. 5 shows some experimental data in argon taken 
over a wide range of input powers. Again, the data are in 
qualitative agreement with the theory. It can be seen 
that for sufficiently low pressures, the input power re- 
quired for breakdown at cyclotron resonance is almost 
four orders of magnitude less than the breakdown power 
at zero magnetic field. The dashed line in the figure meets 
the 30 microns breakdown curve at a point correspond- 
ing to 60 kw and zero magnetic field. This means that for 
the controlled switching of a source power of 60-kw 
peak, it is necessary to operate at a pressure below 30 
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Fig. 6—Breakdown power at cyclotron resonance 
vs pressure 1n argon. 

microns of Hg. Otherwise, the tube would fire even at 
zero applied magnetic field and control would be lost. 
At 30 microns of Hg, less than 25 watts is required for 
breakdown at cyclotron resonance. At still lower pres- 
sures, the breakdown curves are shifted toward higher 
powers. The power required for cyclotron resonant 
breakdown also increases, but much more slowly than 
at zero magnetic field where diffusion losses become im- 
portant. For example, at pressures below 15 microns, 
it is possible to hold off approximately 500 kw of pulsed 
power without breakdown (extrapolated), while at 
cyclotron resonance the power required for breakdown 
is still only of the order of 100 watts. The mean free path 
limit is seen to occur somewhere around 50 microns of 
Hg and hence, in the particular geometry used, to 
achieve the wide range of magnetic field control men- 
tioned requires operation below this limit. 

The data of Fig. 5 have been replotted for compari- 
son with (6a) and (6b). Fig. 6 shows the breakdown 
power at cyclotron resonance vs pressure. Only pres- 
sures above the mean free path limit were used. The 
dashed line is the theoretical prediction of (6a), and is 
in reasonable agreement with the data. Fig. 7 shows the 
corresponding breakdown characteristic off cyclotron 
resonance vs pressure. The value of applied field used is 
sufficient to provide operation beyond the half-power 
points of the resonance at the highest pressure investi- 
gated. The dashed curve is the theoretical prediction of 
(6b). Fig. 8 shows the breakdown power vs magnetic 
field in helium in the magnetic field range in which (6b) 
is applicable. The dashed line is the theoretical predic- 
tion of this equation. Breakdown measurements on 
tubes filled with a number of different gases have given 
results in qualitative agreement with (9). 

The recovery time has been measured in a number of 
different switch tubes. The results are in qualitative 
agreement with the predictions of (14). 
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Fig. 7—Breakdown power off cyclotron resonance 
vs pressure in argon. 
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Fig. 8—Breakdown power vs magnetic field in helium. 


Experimental arc loss data are in qualitative agree- 
ment with (19). In the range of input powers above 
about 10 kw, the arc loss decreased only slightly with 
increasing input power; the best experimental fit is for a 
B=~0.2. The arc loss is essentially independent of pres- 
sure except below the mean free path limit where the 
excessive diffusion losses cause the arc loss to increase 
rapidly with decreasing pressure. 


FREQUENCY SCALING 


An approximate analysis was made of the way in 
which the switch parameters change in scaling from one 
frequency band to another. The principal assumptions 
were that the input power doesn’t change in scaling, 
that the electric field in the steady-state discharge varies 
with w in the same way as the breakdown field, and that 
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the switch operates at the maximum pressure which still 
allows magnetic field control. 
The results of the analysis follow. 


1) pro. 

2) br 1/o. 

3) Px is independent of w. 

4) t.~1/o. 

5) Arc loss is independent of w. 
6) (AB) for switching~w. 


Although the cyclotron resonant magnetic field varies 
as w, the gap spacing of the electromagnet varies ap- 
_ proximately as 1/w. Hence, the power rating of the 
supply for switching the magnetic field remains ap- 
proximately the same in scaling. 


BANDWIDTH OF SWITCH TUBE 


The bandwidth of a switch tube depends upon its 
geometry and upon how the high level switch param- 
eters vary with the frequency for a fixed value of 
magnetic field. In general, the large energy transfer 
near cyclotron resonance allows one to use a broadband 
structure and still achieve a strong discharge. 

The low-level bandwidth of a number of S-band tubes 
was investigated. Two common types of windows used 
were Sylvania’s 1B58 TR tube window and their ATR 
345 window (JAN 5792). Fig. 9 illustrates the VSWR 
of some S-band tubes whose lengths were chosen to 
optimize the bandwidth. The bandwidth between 
1.25:1 VSWR points for the ATR 345 window tube 
with a window spacing of $$ inch was 37 per cent. The 
other two ATR 345 window tubes were approximately 
one halfguide wavelength and one guide wavelength 
longer than this tube. Although their bandwidth is re- 
duced, the increased length and volume improves both 
the isolation and tube life. 

The cold bandwidth of a number of switch tubes for 
operation at the upper end of K, band was also in- 
vestigated. Bandwidths in excess of 20 per cent were 
obtained both for tubes using Microwave Associates 
MA 1341 windows and tubes with ceramic windows in 
conjunction with a matching section at each end of the 
tube. 

The over-all bandwidth of the switch tubes when ina 
fired condition could not be measured directly because 
of the limited frequency range of the high power sources 
available. However, since the cyclotron resonant mag- 
netic field is directly proportional to the frequency, the 
frequency variation of the tube parameters at constant 
magnetic field is approximately equivalent to their 
magnetic field variation at constant frequency. Experi- 
ments were performed to determine how the high level 
switch tube parameters varied with magnetic field. It 
was found that the parameters were approximately 
symmetrical about cyclotron resonance and that they 
varied only a small amount for variations in the ap- 
plied magnetic field around cyclotron resonance of 
+20 per cent. For example, for typical operating pres- 
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Fig. 9—VSWR of switch tubes, 


sures, the arc loss varied by less than 0.1 db and the 
isolation decreased by only a few db from its maximum 
value at cyclotron resonance. 


DESIGN CONSIDERATIONS 


The theoretical and experimental switch tube studies 
have shown that the best over-all operation is obtained 
by switching between B=0 and B=B, and using the 
maximum pressure which still allows adequate mag- 
netic field control, 7.e., that pressure above which the 
given incident power would produce breakdown even 
in the absence of a magnetic field. 

The major problem encountered in this investigation 
was to achieve a satisfactory life. The tubes fail pri- 
marily due to excessive gas cleanup. The use of encap- 
sulated windows? offers promise of providing increased 
tube life by eliminating sputtering, which is the major 
cause of the gas cleanup. Sputtering also reduces life by 
causing excessive insertion loss. Encapsulated window 
tubes show a reduced isolation over that of tubes using 
conventional windows. 

The principal gases used in this investigation were 
argon, helium plus 1 per cent argon, and helium; satis- 
factory switching was obtained for all three. The lower 
ionization potential rare gases gave a smaller arc loss 
and a somewhat larger isolation, but because of the 
lower pressure required for adequate magnetic field 
control, the effect of gas cleanup was more pronounced 
and the life reduced. 

The switching time is the time required to go from 
the condition where the incident power fires the switch 
tube to the condition where the incident power does 
not fire the switch tube, or vice versa. It depends upon’ 
the recovery time and how fast the magnetic field can 
be switched; in most cases, the latter is the limiting 
factor. In this investigation, the tubes were controlled 
by a manually operated magnetic field but, in principle, 


8 L. Gould, E. V. Edwards, and I. Reingold, “A novel approach to 
microwave duplexer tube design,” IRE TRANs. ON ELECTRON DE- 
vices, vol. ED-4, pp. 300-303; October, 1957. 
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the tubes can be controlled electronically. Switching 
times of less than 1 millisecond should be possible. The 
eddy current losses during the magnetic field switching 
period are kept small by using a thin-walled tube body. 


SwitcH APPLICATIONS 


Switch tubes can be incorporated into many different 
kinds of switches depending upon the particular ap- 
plication. Two types of switch configurations were in- 
vestigated for transferring the output from either of 
two transmitters to a common antenna and are shown 
in Fig. 10. The first type is a 120 degree H-plane Y 
switch and is shown in Fig. 10(a). It consists of two 
switch tubes located at the junction of a waveguide Y. 
There are two input ports for connections to the sepa- 
rate transmitters and one output port for_connection 
to the antenna. In one switch state a magnetic field near 
cyclotron resonance is applied to tube SW1 while a zero 
or very small magnetic field is applied to SW2. In the 
other switch state the magnetic fields are interchanged. 
This type of switch can be used when only one trans- 
mitter is active at a time. When transmitter T1 is in 
operation, the cyclotron resonant field is applied to 
SW2. The incident power from T1 leaves SW1 unfired 
but fires SW2, producing an effective short at its input 
window and thereby connecting T1 to the antenna by 
means of a 120-degree waveguide bend. When T2 is 
active, the cyclotron resonant field is applied to SW1 
and the antenna is effectively connected to T2. 

If it is required that both transmitters be in operation 
at the same time, the output of the transmitter not 
connected to the antenna must be dissipated in a high 
power load. This Y-junction switch could not be used 
unless high power isolators were inserted in the input 
ports. It is possible, however, to use a configuration 
consisting of three Y junctions and four switch tubes to 
meet this switch requirement. 

The second type is a balanced top-wall hybrid coupler 
switch and is shown in Fig. 10(b). It consists of two 
3-db top-wall couplers with a dual switch tube between 
them. Top-wall couplers are used rather than side-wall 
couplers because the gap spacing of the electromagnet 
supplying the magnetic field in the former case is ap- 
proximately one half that in the latter case. There are 
two input ports for connections to the separate trans- 
mitters and two output ports for connections to the 
antenna and a matched termination. In one switch 
state a magnetic field near cyclotron resonance is ap- 
plied to both tubes. In the other switch state a zero or 
very small magnetic field is applied to the tubes. The 
balanced switch can be used whether one or both of the 
transmitters are in operation at a time. For the case 
where both transmitters are active, when a cyclotron 
resonant magnetic field is applied, the incident micro- 
wave power fires both tubes simultaneously. The effec- 
tive shorts at the ends of the tubes cause the output of 
T2 to go to the antenna and the output of T1 to go to 
the high power load. When the applied magnetic field 
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Fig. 10—Switch configurations. (a) 120-degree E-plane Y-junc- 
tion switch; (b) balanced top-wall hybrid switch. 


is zero or sufficiently reduced, the tubes are unfired by 
the incident power and the output of T1 goes to the an- 
tenna, while the output of T2 goes to the load. For the 
case where only one transmitter is active at a time, a 
cyclotron resonant magnetic field is applied when T2 
is active so that its output is reflected out the antenna 
port, and the magnetic field is reduced to a low value 
when T1 is active so that its output goes to the antenna. 
The termination absorbs the small amount of power due 
to leakage from the couplers. 

Each type of switch has certain advantages over the 
other. The relative advantages of the balanced switch 
are, first, that only one electromagnet is required in- 
stead of two. Second, no flux leakage problems exist 
in the balanced switch because both tubes are fired or 
unfired simultaneously. In the Y switch only one switch 
tube is to be fired at a time, and flux leakage from one 
electromagnet to the opposite switch tube can result in 
decreased magnetic field control. Third, matching sec- 
tions external to the switch tubes can be used to in- 
crease the bandwidth of the balanced switch while this 
cannot readily be done in the Y switch. Fourth, the 
magnetrons always see a good match in the balanced 
switch, while in the Y switch, during the approximately 
10~* seconds required to fire the proper tube after the 
initiation of the transmitter pulse, the magnetron sees 
a mismatch of approximately 2 to 1. 

The relative advantages of the Y switch are, first, 
that the bandwidth of a 120-degree E-plane bend covers 
the whole waveguide band while the bandwidth of the 
balanced switch is limited by that of the top-wall cou- 
plers. Second, the isolation between transmitters is large 
in both switch states of the Y switch, while in the bal- 
anced switch, in the switch state in which both tubes are 
unfired, the isolation is only that of the two couplers in 
series. Third, the peak power handling capacity of the 
Y switch is greater than that for the balanced switch. 
Fourth, the insertion losses are less in the Y switch 
than in the balanced switch. 
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EXPERIMENTAL Y-JUNCTION SwITCH 


A Y-junction switch for operation at S band was 
built and tested. Fig. 11 is a photograph of this switch. 
An individual switch tube is shown on the side. Each 
switch tube was approximately 1 inch long and had 
1B58 TR tube windows at its ends. Measurements were 
made with a high power microwave source connected 
to port T1 of Fig. 10(a) and matched loads connected 
to ports T2 and ANT. A cyclotron resonant field was 
manually applied to Switch Tube 2 while the magnetic 
field applied to Switch Tube 1 was essentially zero. The 
required magnetic field was approximately 1200 gauss 
~ across a 3-inch gap. 

Typical experimental results achieved for an argon 
filling at a pressure of 30 microns of Hg were as follows. 
250-kw peak, 

250-watt average. 


Power switched 
(f=2.85 kmc; PW=2 usec) 


High level VSWR ets Oe 
High level insertion loss 0.5 db. 
Isolation 50 db. 


<2X 10-8 seconds. 
2 milliseconds. 


High level firing time 
Recovery time (3 db) 


The power switched was the maximum power ob- 
tainable from the available test equipment. The high 
power limit of the switch is determined by gas cleanup 
and the heat dissipation capabilities of the input win- 
dow. This window dissipates an appreciable portion of 
the power absorbed by the discharge. At the 250-watt 
average power level this dissipation limit had not been 
reached. The measured recovery time was quite long, 
although it is sufficient to allow switching times of a few 
milliseconds provided the magnetic field switching 
power supply can switch the electromagnet current in 
this time. Subsequent investigation has indicated that 
recovery times smaller by at least a factor of ten can be 
achieved without adversely affecting the other switch 
parameters. 

Only limited attention has been given thus far to the 
life of the switch. Due to the relatively low operating 
pressures, gas cleanup can seriously affect the life. 
Cleanup due to sputtering was observed over a period 
of only a few hours of operation. Markedly improved 
life was obtained by using encapsulated windows. 

The bandwidth of the Y-junction switch is limited 
primarily by the bandwidth of the switch tube since the 
effect of the 120-degree E-plane bend is small. 


EXPERIMENTAL BALANCED HYBRID SWITCH 


A balanced switch for operation at the high end of 
K,, band was built and tested. A photograph of this 
switch is seen in Fig. 12. The separate components of the 
switch shown assembled at the top are from left to right, 
a top-wall coupler, a dual matching section, the dual 
switch tube, a second dual matching section and a second 
top-wall coupler. The tapered pole pieces of the electro- 
magnet are positioned at the top and bottom of the dual 
switch tube. The required magnetic field is approxi- 
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Fig. 11—120-degree H-plane Y-junction switch for S band. 


Fig. 12—Balanced top-wall hybrid switch for K, band. 


mately 5800 gauss across a 34-inch gap. Each switch 
tube consists of a 0.020-inch wall low-loss ceramic body 
with 0.020-inch-thick ceramic windows at each end. 
A 3 -inch ID OFHC copper tube is used for evacuation 
and gas filling. The outside surface of the body of the 
tube is metallized to provide the conducting sides of the 
waveguide and to minimize eddy current losses. The 
matching sections are required to match out the discon- 
tinuities due to the ceramic windows. 

Fig. 13 shows the VSWR and insertion loss of this 
switch in its unfired state. The cold bandwidth be- 
tween 1.25:1 VSWR points is more than 20 per cent. 
The insertion loss is less than 0.5 db from 15.5 to 17.5 
kmc. The increase in insertion loss at each end is due to 
the fact that the top-wall couplers used were designed 
for operation only in the 15.5 to 17.5 kmc region. The 
unfired isolations exceed 20 db over the band. 

High power measurements on the balanced switch 
were made with a microwave source connected to port 
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Fig. 13—VSWR and insertion loss of balanced switch inunfired state. 


T1 of Fig. 10(b) and matched loads connected to the 
other three ports. A cyclotron resonant magnetic field 
was manually applied to the switch tube pair. Typical 
experimental results achieved for an argon filling at a 
pressure of 100 microns of Hg were as follows. 


Power switched — 60-kw peak, 
(f=16.0 kmc; PW=1 usec) 60-watt average. 

High level VSWR EN PAE 

High level insertion loss 1.0 db. 

Isolation 50 db. 


<2 10-8 seconds. 
0.60 milliseconds. 
1.0 millisecond. 


High level firing time 
Recovery time (3 db) 
Recovery time (0.1 db) 


The power switched was close to the limit of the avail- 
able sources. The insertion loss measured with a shorting 
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plate simulating the fired tubes was 0.2 db so that the 
actual arc loss was 0.8 db. In an application in which | 


both transmitters are active simultaneously, the output 
of the transmitter whose power is to be dissipated in the 
high power load also contributes to the discharge. Hence 
less power of the other transmitter is needed to main- 
tain the discharge and the high level insertion loss would 
be reduced considerably. 

The variation in the switch parameters for a +20 
per cent variation in the magnetic field around cyclotron 
resonance was relatively small. The principal limitation 
on the bandwidth of the switch is the limited operating 
frequency range of the top-wall couplers. 

Only preliminary life studies have been performed on 
this switch so no definite conclusions can be reached. 


CONCLUSION 


A new type of waveguide switching element employ- 
ing a gas-filled tube immersed in a magnetic field was 
investigated both theoretically and experimentally. 
The operation of the switching element is based on the 
phenomenon of cyclotron resonance. The results were 
sufficiently promising that two different types of 
switches were constructed for transferring high power 
pulsed microwaves from either of two transmitters to a 
common antenna. The switches were broad-band, had 
high isolation, and can provide switching times con- 
siderably less than that of mechanical waveguide 
switches. 
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Solid-State Microwave Amplifiers* 


HUBERT HEFFNERT 


Summary—The maser and the parametric amplifier form a new 
class of microwave amplifiers which can exploit the properties of 
bound electrons in a solid. These amplifiers have several common 
characteristics, among them being their very low-noise performance. 
This paper reviews the method of operation of these amplifiers, dis- 
cusses the performance achieved and achievable by the various ver- 
sions, and points up some of the difficulties involved in effectively 
utilizing the extremely low-noise figures obtainable. A bibliography is 
included in which an attempt has been made to include all published 
papers on masers and parametric amplifiers. 


ODAY technology is pressing close on the heels 
qe new fundamental scientific discoveries and in 

turn, advances in understanding nature rely heav- 
ily on the technological exploitation of yesterday’s new 
understanding. This intertwining of physics and en- 
gineering is perhaps nowhere so vividly illustrated as in 
the field of microwave solid state amplifiers. Right now 
certain forms of the maser must be held in abeyance 
until we obtain a more thorough understanding of the 
fundamentals of paramagnetic relaxation. At the same 
time, the successful operation of low-noise solid-state 
amplifiers has influenced other fields of physics. The as- 
tronomer, Gold, has said that the maser which will soon 
be attached to Harvard's radio telescope should yield 
measurements which will prove or disprove the cosmo- 
logical theory of continuous creation of hydrogen. 
Here the familiar process of fundamental discovery to 
technology to new discovery has been telescoped from 
_ the usual time interval of decades to, at most, a few 
_years. 

There are at present—and I emphasize the words 
“at present”—two types of solid-state amplifiers at 
microwave frequencies, the maser and the variable param- 
eter or parametric amplifier. The maser is an acronym 
coined by Townes [35] to stand for “microwave ampli- 
fication by stimulated emission of radiation.” The para- 
metric amplifier draws its name from the fact that the 
differential equation which governs its operation has one 
or more parameters which vary with time. These two 
amplifiers operate on entirely different principles but 
they do have certain features in common. 


1) They draw their energy from an RF source rather 
than de 

2) They behave as bilateral negative resistances at 
the amplifying frequency. 

3) They are capable of very low-noise amplification. 


Before we investigate each amplifier in more detail, 
let us examine briefly some of the implications of their 
common characteristics. First consider their behavior as 


* Manuscript received by the PGMTT, July 25, 1958; revised 
manuscript received, September 2, 1958. 
+ Stanford University, Stanford, Calif. 
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Fig. 1—Schematic representation of a solid-state amplifier as an ef- 
fective negative resistance, showing its use with an isolator or 
circulator. 


bilateral negative resistances. In lumped circuit terms 
they appear as a negative resistance across a resonant 
LC tank with input and output coupled in. This is 
shown in Fig. 1. Because this is a negative resistance 
amplifier, the product of the square root of the power 
gain and bandwidth is a constant. The magnitude of this 
constant depends upon the type of amplifier and the 
material used. 

Because the negative resistance is bilateral, the mag- 
nitude of both load and source impedance will affect the 
gain. Thus, for stable amplification independent of the 
output match, some nonreciprocal element, either a cir- 
culator or isolator must be used. These elements serve 
another purpose also. They prevent thermal noise from 
a relatively hot load from entering the amplifier, there 
to be amplified and possibly to destroy the low noise 
behavior [45]. 

These new amplifiers, and in particular the maser, 
offer possibilities of low-noise amplification to a degree 
heretofore unattainable. The effective noise temperature 
of the maser can be as low as a few degrees Kelvin [52]. 
This low a noise temperature can be accomplished only 
at the expense of complicated external circuitry and use 
of liquid helium so that it is wise to ask whether such a 
low temperature is really needed. 

To answer that question, let us consider the applica- 
tions for which one might use a maser. Among these 
certainly are radio astronomy [46], radar, and scatter 
communications. Each of these would use a maser to 
amplify a signal received from an antenna. If now, the 
effective noise temperature of the antenna and its lead 
in are many tens of degrees, then an amplifier having an 
effective noise temperature of a few degrees is obviously 
of marginal utility in comparison to one ten times as 
noisy. Fig. 2 shows some measurements taken by J. E. 
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Fig. 2—Antenna temperature at 9270 mc as a function of elevation. 
The antenna used was an 18-inch parabola. The more-or-less 
horizontal line indicates the ground contour. 


Sterrett of Stanford on antenna temperatures at X band 
as a function of the angle of elevation. The antenna used 
was an 18-inch parabola. The solid, more or less hori- 
zontal, line represents the ground surface showing a low 
range of hills some 25 miles away. Notice the minimum 
temperature measured was 40 degrees Kelvin. Most of 
this noise was due to side lobes seeing the earth as 
was shown when two large screens of chicken wire were 
placed beneath the antenna. With these in place the 
minimum noise temperature was reduced from 40 to 
10 degrees. The same effect might well be achieved by 
placing the antenna in the center of a lake. 

The antenna temperature is not the only limiting fac- 
tor. If losses are present in the transmission system be- 
tween antenna and amplifier, another noise source is 
added. If, for example, the transmission system is at 
room temperature and has 0.1 db loss, it is an effective 
noise source at about 7 degrees Kelvin, and if it has 
1 db of loss its effective noise temperature is 78 degrees 
Kelvin. 

These figures point up the very stringent require- 
ments on any isolator or circulator which is used in con- 
junction with the amplifier. Perhaps, in order to make 
full use of the amplifier capabilities, these elements will 
have to be cooled also. 

For many radio astronomy applications, low amplifier 
noise figure is not the only consideration. When using 
the Dicke radiometer system, what is important is the 
ratio of the amplifier noise temperature to the square 
root of the amplifier bandwidth. Table I shows a com- 
parison of several forms of solid-state amplifiers with a 
particular (admittedly the best) low-noise traveling- 
wave tube. The column on the right gives the figure of 
merit, which one wants to be as high as possible. The 
author has marked several numbers in the chart with a 
question mark to indicate that these are reasonable, al- 
though as yet unobtained values. The chart shows sev- 
eral things: first, the relative superiority of the maser 
over the parametric amplifier; second, the great superi- 
ority of the traveling-wave versions of each; and third, 
just how good the traveling-wave tube is. 

This chart does not tell the whole story, however, be- 
cause, first of all, the noise introduced by antenna side- 
lobes and lossy lead in, as indicated, sets a lower limit 
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TABLE I* 
‘B B 
M= Vv my VB 
F-1 Tne 
Band- 
Type of Amplifier Tamp “Kelvin width M 
Mc 
TWT 360° (F=3.5 db) 1000 25.4 
Cavity maser 2 0.4 1 91.6 
Cavity parametric amp | 25° (?) 1.0 116 
TW maser ie 20 (?) 648 
TW parametric amp 252) 300 (?) 201 


* Amplifier figure of merit when used in a radiometer at 3000 mc. 
The question marks indicate reasonable but unobtained performance 
values. 
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Fig. 3—Mechanism of operation of the three-level maser, 
(a) Energy levels. (b) Populations. 


on useful amplifier temperature; and, second, for many 
radio astronomy applications a narrow bandwidth is re- 
quired to pick out a particular spectral line. For this 
last reason, the apparent advantage in favor of the 
traveling-wave tube and the traveling-wave versions of 
the maser and parametric amplifier which result be- 
cause of their increased bandwidth can often not be 
used. 

Let us turn now to a brief discussion of the three-level 
maser [39 |—[44]. The general way the maser operates is 
illustrated in Fig. 3, where three paramagnetic energy 
levels are shown with their normal populations given by 
Boltzmann distribution shown in the upper right hand 
corner. A strong microwave signal at the pump fre- 
quency corresponding to the energy difference between 
levels one and three saturates the resonance by bringing 
the populations of these two levels into equality. Under 
these conditions the population diagram can look some- 
what as shown in the lower right hand corner. The popu- 
lation of the highest energy level, three, is greater than 
that of a lower energy level, two. This situation could be 
described by a Boltzmann distribution only if the tem- 
perature were taken to be a negative quantity. This 
negative temperature population distribution is now 
capable of emitting rather than absorbing energy. The 
magnitude of the negative temperature is also the effec- 
tive noise temperature of the maser material [27-32]. 

Cavity-type masers using this principle have been 
built by the Bell Telephone Laboratories, Lincoln Lab- 
oratory, Harvard University, Columbia University, 
Hughes Aircraft Company, M.I.T., Ewen-Knight Com- 
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Fig. 4—Diagram of a three-level solid-state maser 


pany, Michigan University, A.F.C.R.C., and Stanford 
University. They have operated at 300, 1400, 3000, 
7000, and 10,000 me, all at liquid helium temperatures. 
A schematic drawing of a cavity maser is shown in Fig. 
4. Here between the pole-pieces which supply the dc 
magnetic field is an outer Dewar or vacuum flask which 
contains liquid nitrogen to aid in keeping heat away 
from the inner Dewar containing liquid helium. Im- 
mersed in the liquid helium is a cavity resonant to both 
the pump and amplifying frequencies containing the 
paramagnetic crystal. A waveguide supplies the pump 
power which saturates the upper and lower energy level 
resonance, and in this drawing a coax serves to feed the 
incoming signal and return the amplified reflected sig- 
nal. A circulator (not shown) would be necessary of 
course to make a practical amplifier. 

Typical cavity maser performance has been obtained 
using a pump power of 1 to 10 mw supplied at 9000 mc. 
Thirty-db gain at a signal frequency of 3000 mc results 
with a bandwidth of about 200 kc and a maximum 
power output of 1 to 10 uw. The noise figure is 0.04 db 
corresponding to a noise temperature of 3 degrees 
Kelvin. 

Three paramagnetic materials which have been suc- 
cessfully used in three-level masers are single crystals of 
lanthanum ethyl sulphate [La(CsHsSO,)s | doped with 
gadolinium [57], potassium cobalticyanide [KsCo(CN)6| 
[10],[50] and sapphire [Al,0;], both doped with chromium 
[55]. Fig. 5 illustrates the typical variation of the mag- 
netic energy levels of chromium in K3Co(CN).. 
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Fig. 5—Typical variation of energy levels of Cr+*+ in K3Co(CN)g 
with varying dc magnetic field. 


These materials are by no means the only ones capa- 
ble of being used. The double nitrates appear attrac- 
tive as host crystals and other dopants in sapphire may 
have advantages. Of the three materials which have 
been used, the chromium doped sapphire (ruby) seems 
to be the best. It has favorable relaxation times and has 
the largest zero field splitting, which is a measure of how 
high in frequency the maser can operate. 

As can be seen, there are three big disadvantages of 
this amplifier; first, it must be operated at liquid helium 
temperatures; second, it has an exceedingly small band- 
width; third, energy must be supplied at a higher fre- 
quency than that which is amplified. Can we reasonably 
expect that future developments will overcome these 
drawbacks? 

The answer to whether we can eliminate the liquid 
helium is still unclear. We can not operate at much 
higher temperatures with the materials we now know, 
but the ultimate answer must await better understand- 
ing of the spin-lattice relaxation process—the way that 
microwave energy ultimately is transferred to heat. 
Possibly, if our paramagnetic crystals achieve the same 
degree of purity as transistor materials, we might be 
able to operate at higher temperatures. 

The answer to the question of whether we can in- 
crease the bandwidth is an unqualified, “yes.” The 
method is simple and involves merely the use of a travel- 
ing-wave circuit rather than a cavity. To see why this 
improves bandwidth, consider the cavity as simply a 
circuit which allows a wave to bounce back and forth 
between the walls many times before it dies out. Each 
time the wave passes through the crystal it is amplified 
very slightly; but if the cavity Q is high, it makes a 
sufficient number of passages through the crystal that 
the small amplitude increments of each passage add up 
to large gain. The price one pays is, of course, a very 
smail frequency range over which the waves can bounce 
back and forth without phase interference effects de- 
stroying them. 
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In a wave guide filled with crystal, the wave passes 
through the crystal only once so the gain is low but the 
bandwidth can be the full bandwidth of the paramag- 
netic resonance line, typically 20 to 50 mc. We can in- 
crease the gain per unit length by decreasing the group 
velocity, which can be looked upon as providing the 
wave with a certain amount of bouncing back and forth 
as it achieves its net forward progress. The noise figure 
of the traveling wave version should be the same as that 
of the cavity maser. 

The gain in db of such a traveling wave maser can be 
written as 


é 27N 
Qm(09/ C) 


where JN is the length of the structure in free space 
wavelengths, Qm is the magnetic Q, and v,/c is the ratio 
of group velocity to velocity of light. The magnetic Q is 
a function of the properties of the paramagnetic ma- 
terial and the filling factor, z.e. how effectively the RF 
magnetic field fills the crystal. The value of Q,, is typi- 
cally 500-2000. 

Recently Scovil! reported a traveling-wave maser 
using gadolinum doped ethyl sulphate in a filter struc- 
ture composed of an array of wires shorted along one 
edge and placed between the two broad faces of a wave- 
guide. The amplifier operated at 6.3 kme with pumping 
power supplied at 9 kmc and had a gain of 30 db in 
about 7-cm length. The bandwidth was 10 mc with the 
center frequency capable of being tuned over a 350-mc 
band. The addition of garnet allowed nonreciprocal 
propagation so that the amplifier had 40-db loss in the 
reverse direction. One of the most interesting properties 
of this amplifier was its large signal behavior. The ampli- 
fier did not saturate until the output power was 30 milli- 
watts! 

What about the final disadvantage, that of requiring 
pump power at a frequency higher than the signal? Can 
this restriction be eliminated? The answer is, “yes.” For 
certain special materials with many energy levels it ap- 
pears possible to pump up stairstep-wise and then fall 
back many levels to amplify at a higher frequency. 

Let us turn now to the parametric amplifier. Unlike 
the maser, this amplifier operates on purely classical 
principles. As a matter of fact, the device which we 
would now call a parametric oscillator was studied by 
Lord Rayleigh in the last century. We can illustrate how 
it works quite simply by Fig. 6. Here is a simple LC 
resonant circuit in which we imagine we can physically 
grasp the condenser plates and pull them apart. At the 
upper right is shown the voltage across the condenser as 
a function of time. Imagine that when the voltage is a 
maximum, we suddenly pull the plates apart. We work 
to separate the charge and to increase the voltage. Now, 


1H. E. D. Scovil, “Some performance characteristics of a solid 
state maser,” presented at the Congres Internationale sur la Physique 
de l’Etat Solide et ses Applications a l’Electronique et aux Telecom- 
munications, Brussels, Belgium; June, 1958. 
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Fig. 6—Illustration of a parametric amplifier. The crosses indicate 
the sudden pulling apart of the capacitor plates, and the circles, 
the sudden pushing together. (a) Illustration of the phase rela- 
tions suitable for growth of the voltage across the capacitor. 
(b) The attenuating effect of the opposite phase relations. 


just as the voltage goes through zero and there is no 
charge on the plates, we push them back to their original 
position. No work is done and the voltage is unchanged. 
When the voltage is a negative maximum, we again pull 
the plates apart, and so on. In this way a signal at the 
resonant frequency is amplified by the changing capaci- 
tance. By coupling in an input circuit and a load, we 
have a parametric amplifier. Note the following three 
points, however. 

First, our pushing or pulling, that is the capacitance 
variation, must be at a frequency which is twice that of 
the resonant frequency of the LC circuit. 

Second, in order to amplify, we must be careful to pull 
apart when the voltage is maximum and push together 
when it is zero. If we do the opposite, the signal is at- 
tenuated. Another way of saying this is that this ampli- 
fier is phase sensitive. The phase of the capacitance 
variation frequency (we shall call this the pumping fre- 
quency) must be adjusted relative to the phase of the 
signal in order to amplify. 

Third, we might just as well have varied the induct- 
ance, rather than the capacitance, and achieved the 
same result. 

This circuit is often called a two-frequency parametric 
amplifier. Its phase sensitivity is usually a drawback, 
but for certain applications it can be turned into an ad- 
vantage. 

As an example, consider what happens when we intro- 
duce a signal whose frequency is slightly different from 
w, the value which is just half the pumping frequency. 
We can treat this signal as though it were at the exact 
half frequency w but had a time varying phase at the 
difference frequency. Thus, as the phase changes, the 
amplifier, as we have seen, alternately amplifies and at- 
tenuates. The output then is an amplified signal, ampli- 
tude modulated at the difference frequency. Another 
way of describing this is that if the incoming signal is 
treated as a single sideband, the amplifier inserts the 
other sideband. This behavior, coupled with low-noise 
characteristics, makes this form of the amplifier at- 
tractive for use in doppler radar receivers and in recep- 
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‘tion of single sideband transmission, as employed in 
scatter communications. 

Since the device either amplifies or attenuates, de- 
pending upon the phase relations between pump and 
signal, it can be looked upon as a two-state element, 
making it suitable for computer use. Indeed, Japanese 
workers have recently used a low-frequency version in 
an experimental computer [98]. 

For most applications, however, this phase sensitivity 
Sac disadvantage. We can overcome this sensitivity by 
adding another resonant circuit, termed the idling cir- 
cuit. This is shown in Fig. 7. Here we have a circuit 
resonant at the signal frequency ; and a circuit reso- 
nant at the idling frequency w.. The two circuits are 
coupled together by a capacitance which is varied at a 
frequency w3, which is the sum of the two resonant fre- 
quencies @; plus w2. The presence of the idling circuit in- 
troduces another degree of freedom, and the voltage de- 
veloped across it will adjust itself in phase so that work 
is done by the capacitance variation causing both the 
signal and idling voltages to grow. Again, by coupling 
an input circuit and load into the signal circuit, we can 
make an amplifier. Also, by coupling a load into the 
idling circuit we can make an amplifying frequency 
converter. 

So far, nothing has been said about how one obtains 
the variable capacitance or, what is equivalent, a varia- 
ble inductance at microwave frequencies. The original 
microwave parametric amplifier proposed by Suhl [90] 
used ferrite as the variable element. Since then, others 
have proposed and successfully built parametric ampli- 
fiers using electron beams [93], [94], [108], [109] and 
back-biased semiconductor diodes [98], [99]-[102]. 
Other proposals for the variable element have been the 
use of ferroelectric materials and cyclotron resonance in 
semiconductors. Independent of the particular embodi- 
ment, however, one can write a general noise figure and 
gain-bandwidth expression for the amplifier [83], [84]. 

The sources of noise are threefold: thermal noise, shot 
noise, and random capacitance or inductance fluctua- 
tions in the variable element. Of these three, only the 
thermal noise appears to be of any importance in the 
solid-state versions of the parametric amplifier. 

With only thermal noise, the noise figure for a para- 
metric amplifier with circulator may be written 


Wp Qext 


) 
oi Q 


where 


#, =pump frequency 

w,;=idling frequency 
Qext = the external Q 

Q,=the loaded Q. 


Thus, for a low-noise figure, one wants a low ratio of 
pumping-to-idling frequency, a high ratio of pumping- 
to-signal frequency, and close coupling of load to cavity. 
In the limit of negligible cavity and variable element 
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Fig. 7—A two-tank parametric amplifier. 


losses, this Q ratio goes to unity and the minimum noise 
figure is then 
Wp 
Fain en 
w; 

Both of these expressions assume all elements are at 
the same standard temperature. If the cavity is cooled 
the appropriate temperature ratios must be employed. 

The power-gain, fractional bandwidth product of the 
cavity version can in most cases be written as 


where 


w;=idling frequency 
w, =signal frequency 
Q;=idling circuit Q. 


(If a circulator is employed, the gain-bandwidth is im- 
proved by a factor of two.) 

This expression points up the desirability of having a 
large ratio of idling-to-signal frequency not only for low 
noise behavior, but also for large gain bandwidth. 

As an example of the performance to be expected, this 
last expression would indicate that for a gain of 20 db,a 
parametric amplifier having an idling circuit Q of 100 
would have a bandwidth of the order of a few tenths of a 
PEL Celt. 

Let us now turn to a discussion of the characteristics 
of the ferrite and semiconductor diode versions of the 
parametric amplifier. Hogan has already discussed in 
detail the characteristics of ferrites which make them 
suitable for use in these amplifiers, and so the author 
shall attempt only to assess their advantages and draw- 
backs relative to the semiconductor diode. 

First, we can say that the usual ferrites are not at- 
tractive in this application. Their large line widths ne- 
cessitate the use of unreasonably large amounts of 
pumping power, of the order of kilowatts. It is the newer 
garnets, with their narrow line widths, to which we must 
turn for practical amplifier materials. Even here, it is 
only the single crystal form which allows the pumping 
power to be reduced below several tens of watts. 
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The single crystal garnet, when used in the electro- 
magnetic version, that is when both amplifying and 
idling modes are cavity resonances, still requires several 
watts of pumping power. It is only the semi-static or 
magnetostatic forms, in which one or both resonances 
are internal spin-wave resonances [115], [116], which 
allow the pumping power to be reduced below the watt 
level. It is still probably too early to assess the noise and 
gain-bandwidth capabilities of these versions. The na- 
ture of the loss mechanism of the spin-wave resonances 
is only imperfectly understood. It is fair to say, however, 
that the single-crystal garnet amplifier using spin-wave 
resonances is the only attractive form of the ferrimag- 
netic version, and that in the present state of the art it 
offers no advantages over the semiconductor diode. It is 
possible that as our knowledge improves, we shall find 
ways of making ferrimagnetic amplifiers with lower 
noise figures than those of the diode versions. To date, 
this is not the case. 

Let us now consider the diode amplifier. A point con- 
tact or junction diode when back-biased has an equiva- 
lent circuit shown in Fig. 8. It is composed of a barrier 
capacitance Cp, which is voltage sensitive in series with 
a constant spreading resistance R,. The voltage sensitive 
barrier resistance, which shunts the barrier capacitanc>, 
is so large in the back-biased condition that it can be 
neglected. Typically the barrier capacitance varies as 
the square root or cube root of the voltage across it, as is 
shown in the figure. 
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Fig. 8—The equivalent circuit and capacitance variation for a 
back-biased semiconductor diode. 


The Q of the diode, the measure of energy stored to 
power dissipated, is 1/wCR. It is this quantity which de- 
termines the noise performance of the amplifier. If the 
diode Q is low, the ratio of external Q to loaded Q can 
not be made small and, as we saw, the noise figure is 
directly proportional to this quantity. 

To give an idea of the sort of performance which has 
been obtained, the characteristics of a diode parametric 
amplifier which was constructed a few months ago is 
mentioned [99]. This amplifier used a rectangular brass 
box as a cavity whose cross section is shown in Fig. 9, 
A photograph of this amplifier appears in Fig. 10. A 
germanium junction diode was supported between two 
posts in the center of the cavity, and by means of tuning 
screws, the cavity was made resonant at 1200, 2300, and 
at the sum frequency 3500 mc. A loop shown on the 
right of Fig. 10 served to couple in pumping power at 
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3500 mc causing the diode capacitance to vary at this 
frequency. With about 70 mw of pumping power, the 
device would oscillate at 1200 and 2300 mc with an out- 
put power of about 2 mw. With slightly reduced pump- 
ing power, we were able to amplify at either of the two 
frequencies. Using it as an amplifier at the lower fre- 
quency, we obtained a bandwidth of about 1 mc for 
20-db net gain. At 16-db gain, the measured noise figure 
was less than 4.8 db. 


SIGNAL IN S| U 
e ~ SIGNAL OUT 


x 4 


TUNING SCREW — 


| , 
| 


— _ CRYSTAL 
DIODE 


PUMP IN > 


~\De ISOLATION 


Fig. 9—Cross section of an experimental parametric amplifier. 


Fig. 10—Photograph of the parametric amplifier shown in Fig. 9. 


This noise figure by no means represents the best that 
one can do. The diode which we employed has a Q of 
only 30 at the amplifying frequency. Using known tech- 
niques to produce better diodes, a better cavity design, 
and a higher pumping frequency, a noise figure at 1000 
me of about four tenths of a db can be achieved corre- 
sponding to an effective noise temperature of 30 degrees 
Kelvin, and all this without cooling. 

It is obvious that the parametric amplifier is a strong 
adversary to the maser for low-noise amplification. Its 
one large advantage is that it can be operated at room 
femperature. Like the cavity maser, the cavity para- 
metric amplifier has the disadvantages of narrow band- 
width and the necessity of pumping at a higher fre- 
quency than that to be amplified. As in the maser, these 
disadvantages can be overcome. 

Hogan [85], at Harvard, Bloom and Chang [97], at 
R.C.A., and the author seem to have all simultaneously 
hit upon the fact that if one introduces still another 
resonant circuit to make a four-frequency parametric 
amplifier, the pump frequency can be made less than the 
signal frequency. This indicates that its minimum noise 
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figure is likely to be considerably higher than that of the 
three frequency scheme. 

The disadvantage of narrow bandwidth can be over- 
come, as it was in the maser, by going to a traveling- 
wave circuit rather than a cavity [95], [96]. A sche- 
matic representation is shown in Fig. 11. Here we con- 
sider a transmission line with constant series inductance 
per unit length and time varying shunt capacitance per 
unit length. Tien [96] has analyzed such a configuration 
in detail and has shown that exponential gain can be ob- 
tained if the sum of the signal and idling frequencies is 
equal to the pumping frequency of the capacitance 
variation and also if the phase constants of the waves are 
related in the same fashion. One of the outstanding ad- 
vantages of the traveling-wave parametric amplifier 
over its maser counterpart is that it is inherently non- 
reciprocal due to the relations which the phase constants 
must obey. 


Amplification IF: 


a1 + a2 = ws 


Bi t+f2= 83. 


Fig. 11—Schematic diagram of a traveling-wave parametric amplifier. 


Recently, R. S. Englebrect reported an experimental 
traveling-wave parametric amplifier using four diodes, 
which amplified at 400 mc with 10 db gain and had a 
25 per cent bandwidth. The amplifier was pumped at 
900 mc and had an effective noise temperature in the 
vicinity of 50 degrees Kelvin. 

And now, let us sum up the main points. The first is, 
that of the solid-state microwave amplifiers we now 
know, the maser has by far the lowest noise figure, which 
it achieves at the expense of requiring liquid helium. It 
is so low in fact, that it may not be effectively utilized 
in many systems where antenna and lead-in noise may 
be ten to thirty times that introduced by the maser. In 
these cases, the parametric amplifiers operating at room 
temperature with noise figures of one db or less, may 
be completely satisfactory. 

The second point to emphasize is the great advantage 
of the traveling-wave versions of both the maser and 
parametric amplifier. To date these forms have not been 
fully exploited and there is a great deal of room for in- 
genuity in both their design and in their application. 

Finally, it should be made clear that this whole field 
of microwaves and the solid state is in its infancy but it 
isa rapidly growing infant. Every month some new idea 
or technique or measurement comes along. New devices 
are invented before old ones are tested. The author 
suspects that a few years from now the forms of the 
amplifiers mentioned here and the performances will be 
as obsolete as the Stutz-Bearcat. 
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A UHEF Solid-State Maser* 


R. H. KINGSTON} 


Summary—Chromium doped potassium cobalticyanide has been 
utilized in the design and construction of a solid-state maser operat- 
ing in the frequency range of 300 to 500 mc. The pumping frequency 
is fixed at 5400 mc and the magnetic field required is in the vicinity 
of 80 gauss. The design utilizes a cavity mode at the pumping fre- 
quency and a tuned loop at the operating frequency, thus avoiding the 
design complications associated with the large size of UHF cavities. 
System measurements using a directional coupler for isolation yield 
noise temperatures of approximately 70 degrees Kelvin at bandwidths 
in the 50 ke range. 


INTRODUCTION 


HE operation of a maser using potassium chromi- 
ike... was first described by McWhorter and 

Meyer.! Their device amplified at 2800 mc and 
used a pumping frequency of approximately 9000 mc. 
With the success of this mode of operation, it seemed 
possible to extend the operating range down to fre- 
quencies in the UHF region on the basis of extrapolation 
of the parameters of the initial maser design. The new 
design involves two major considerations. One is the 
choice of a suitable region in the paramagnetic energy 
level scheme of the crystal, while the other is the choice 
of a doubly resonant structure to support both the 
pumping and amplifying frequency resonances. 


CRYSTAL OPERATING REGION 


With 300 to 500 mc as the desired range of amplifying 
frequencies, the most apparent operating point is near 
the zero magnetic field range of the energy levels. Al- 
though appropriate transitions might be found in the 
1000 to 2000 gauss region,! the variation of the spacings 
with field and angular orientation is extremely compli- 
cated. In addition the operation of a maser with fields 
of the order of a hundred gauss was attractive from the 
instrumentation point of view. (Another advantage 
connected with the use of superconductivity will be- 
come apparent below.) In Fig. 1 is the energy level dia- 
gram for two orthogonal orientations of the crystal in 
the zero-field region. By variation of the angle of the 
magnetic field with respect to the principal magnetic 
axis, it is possible to obtain the lower transition any- 
where from 300 up to 1000 mc, while maintaining the 
pump frequency constant in the vicinity of 5400 mc. 
The theoretical gain-bandwidth to be obtained in this 
mode of operation may be calculated most directly by 


* Manuscript received by the PGMTT, June 16, 1958; revised 
manuscript received, August 11, 1958. The research reported here 
was supported jointly by the U.S. Army, Navy and Air Force under 
contract with the Mass. Inst. Tech., Cambridge, Mass. 

} Lincoln Lab., Mass. Inst. Tech., Lexington, Mass. 

1 A. L. McWhorter and J, W. Meyer, “Solid-state maser ampli- 
fiers,” Phys. Rev., vol. 109, pp. 312-318; January, 1958. 


comparison with the results of McWhorter and Meyer’s 
experiments. For the same crystal, the magnetic Q, or 
| Oae| is inversely proportional to (fpump —2famp1), While 
the gain-bandwidth product is given by! 


G2B = Y8fsmpi/ | On| - 


Since McWhorter and Meyer obtained a value of ap- 
proximately 210° sec"! for this figure, the expected 
value at 300 mc would be 


5400 — 2(300) 300 
9400 — 2(2800) ~~ 2800 


2105 = 02a Ossecet 


assuming the same filling factor and equal values for the 
spin-lattice relaxation times. 
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Fig. 1—Energy levels at low field in potassium chromicyanide. 


DouUBLE RESONANT STRUCTURE 


Previous maser designs have utilized a microwave 
cavity which resonates both at the pumping and ampli- 
fying frequencies. It would be possible to build such a 
cavity for this design; however, the 18 to 1 ratio of fre- 
quencies places severe restrictions on the type of cavity 
which can be used. In particular, a straightforward co- 
axial \/4 cavity at 300 mc is not only inconveniently 
large, but the 5400 mc mode would have so many nulls 
in the RF magnetic field that only a small part of the 
cavity volume could be used, thus lowering the filling 
factor. It is possible to foreshorten the low-frequency 
mode by heavy capacitative loading at the open cir- 
cuited end as was done by Autler and McAvoy;? how- 


*S. H. Autler and N. McAvoy, “21-centimeter solid-st: t ¢ 
Phys. Rev., vol. 110, pp. 280-281; April, 1958." 
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,ever, the much higher frequency ratio here required 
presented much more serious design problems. As an 
alternative, it was decided to forego a cavity mode at 
the lower frequency and use a single-turn loop termi- 
nated in a lumped capacitance. The dimensions and 
configuration of this resonant circuit, shown in Fig. 2 
were chosen such that the RF magnetic field of the loop 
could be completely immersed in the RF magnetic 
field of a 5400 me cavity mode. By placing the crystal, a 
cylinder 1.5 cm in diameter and about 2 cm long, such 
that the ac plane lies in the plane of the loop, most of 
the RF magnetic field will be perpendicular to the ap- 
plied de magnetic field, thus assuring close to the opti- 
mum transition probabilities. The dc field may also be 
rotated in the plane of the loop for tuning of the two 
resonances. This configuration when placed in a TEny 
mode cavity, as shown in Fig. 3, was found to have only 
a small effect upon the unloaded Q of the 5400 mc mode. 
This mode was chosen since the resultant RF magnetic 
field at the center of the cavity lies in the plane of the 
loop and thus does not couple energy out of the mode. 
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Fig. 2—300 mc resonant circuit. 
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Fig. 3—Final maser assembly, cylindrical cavity (TE: mode). The 


capacitor plate opposite the two probes is grounded to the cavity 
wall. 


Although the resultant Q of the pumping mode was 
sufficiently high, that of the wire loop circuit was only 
about 200 even at liquid helium temperatures. Since the 
negative Q of the maser material was expected to be of 
the order of 1000, it was essential that the loop losses be 
diminished so that the unloaded Q would be much 
greater than | Ou| . This improvement was obtained by 
the simple expedient of plating the loop and capacitor 
plates with lead, which is a superconductor at helium 
temperature. The resultant unloaded Q was of the order 
of 10,000. This technique is, of course, dependent upon 
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the low magnetic fields used in the design, since lead 
ceases to be a superconductor in fields from 600 to 800 
gauss in the 4.2 to 0 degrees Kelvin range. Another phe- 
nomenon of superconductivity can present difficulties. 
This is the Meissner effect, the shielding of the magnetic 
field by a superconducting material. Since the loop is a 
thin wire and the magnetic field lies in the plane of the 
loop, this effect is not of a serious nature. 


EXPERIMENTAL RESULTS 


The instrumentation and mechanical equipment as- 
sociated with the maser are similar to those used by 
McWhorter and Meyer with the exception of the actual 
frequencies. As shown in Fig. 3, both frequencies were 
coupled to the cavity by means of coaxial lines of silver 
plated stainless steel inner and outer conductor. In addi- 
tion, fine tuning of the 300 mc mode was accomplished 
by external adjustment of the grounded capacitative 
probe between the coupling line and the cavity. The 
magnetic field was supplied by a six inch inner diameter 
wire-wound coil which could be tilted so that the field 
always lay in the plane of the 300 mc loop. The de power 
requirement was 10 volts at 2.5 amperes. Provisions 
were also made to pump on the liquid helium so that the 
temperature of the bath could be lowered to 1.25 degrees 
Kelvin. 

The maser was operated initially at 1.6 degrees Kelvin 
and 300 mc and yielded an oscillator output of approxi- 
mately 0.1 microwatt. The gain at 100 kc bandwidth 
was approximately 10 db, giving a gain-bandwidth 
product of 0.32 X10® sec. Later measurements at 450 
me and 1.25 degrees Kelvin yielded gains as high as 
25 db, in this case with a bandwidth of the order of 
30 kc. This corresponds to a gain-bandwidth product of 
about 0.5108, consistent with the higher frequency 
and the lower operating temperature. These numbers 
are in quite good agreement with McWhorter and 
Meyer’s data which was taken at 1.25 degrees Kelvin 
with the same crystal material (0.5 per cent chromium 
concentration). The slightly higher values are consistent 
with the higher filling factor obtainable with the cylin- 
der-loop configuration, although marked changes in the 
|Qu| could have occurred as a result of small differ- 
ences in the three relaxation times involved. 


SysTEM PERFORMANCE 


The theoretical noise contribution of such a maser in 
a system is of the order of 0.1 degree Kelvin. It should 
be noted that temperatures below the bath temperature 
are quite feasible since the high pumping ratio produces 
a “negative temperature” much smaller than the true 
positive temperature of the equilibrium electron dis- 
tribution. With such a low theoretical value it was quite 
apparent that any serious noise sources in an amplifier 
system would arise in the associated circuitry and not in 
the maser crystal itself. As a test of the low-noise per- 
formance the maser was connected to a 450 mc antenna 
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system and low-noise receiver, as shown in Fig. 4. In 
this method of operation the maser is isolated from the 
receiver input noise by a directional coupler. The ideal 
method utilizing a circulator is not possible since such 
devices are not available at these frequencies. Here 10 
db of gain is sacrificed with the advantage of 10 db at- 
tenuation of the receiver noise before it enters the maser. 
A disadvantage is the large reflected signal returned to 
the antenna terminals; however, the double stub tuner 
provided an adequate enough match to prevent serious 
gain fluctuations even when the antenna was moved 
through its total azimuth and elevation range. Inde- 
pendent radiometer measurements of the antenna sys- 
tem had established that the effective noise at the an- 
tenna terminals was 100 degrees Kelvin, when the an- 
tenna was pointed at quiet sky. (Sky temperatures off 
the galactic plane at this frequency are approximately 
20 degrees Kelvin.) The remaining 80 degrees Kelvin 
may be attributed to antenna side and back-lobe pickup 
and loss in the transmission line between the feed horn 
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Fig, 4—Maser system measurement. 


and the receiver installation. The receiver had a noise 
figure of 4.8 db, corresponding to 600 degrees Kelvin ex- 
cess noise. By injecting a measured amount of noise sig- 
nal from a gas tube into the antenna line by means of a 
directional coupler, the noise temperature of the over-all 
maser system was found to be 170 degrees Kelvin. This 
corresponds to a noise figure of (1+170/300) =1.57 or 
2 db. When working with cold antennas, it should be 
remembered that the conventional noise figure defini- 
tion is misleading, since in this case, the improvement 
from 4.8 db down to 2.0 db corresponds to an improve- 
ment in sensitivity of (600+100)/(170) or 6.1 db. The 
experimental value checked quite well with the theory, 
using a maser gain of 25 db, as estimated from inde- 
pendent measurements. The noise sources referred back 
to the antenna terminals are: 


January 


Antenna and transmission line = OU eke 
Receiver output noise—600°K down 15 db= 20°K 
Receiver noise into maser—400°K down 


10 db 40°K 
Termination in directional coupler— 

300°K down 15 db = LOSK: 
Total excess noise referred to antenna 

terminals =170°K. 


The receiver noise generated at the input terminals was 
measured independently with a radiometer and found to 
be 400 degrees Kelvin as used in the above calculations. 
This figure applies only to the particular input circuit 
used, a grounded-grid 416B. It is quite probable that a 
crystal mixer input, for example, might have an entirely 
different effect upon the performance, even though the 
over-all noise figure of the receiver were the same. 


CONCLUSION 


The experiments established the fact that a maser 
could be operated successfully in the UHF range in a 
reception system, with much lower noise than hitherto 
obtainable with standard receiver systems. There are, 
however, serious shortcomings to the system as pres- 
ently operated. These are: 


1) Lack of circulators or isolators in the UHF range. 
The ultimate in low noise could be obtained with 
these devices, as well as the elimination of insta- 
bilities arising from the high VSWR on the an- 
tenna line. 

2) Narrow bandwidth. Although suitable for some 
applications, the critical tuning and lack of flexi- 
bility associated with the narrow bandwidth pre- 
sent serious system design problems. 

3) Saturation sensitivity. Since the oscillator power 
output is only 0.1 microwatt it follows that the 
maser will saturate on incoming signals equal to 
this level divided by the maser gain. This means 
that radar use would require duplexer protection 
down to approximately 10-® watts. Otherwise, the 
maser would not recover from the leakage pulse 
for approximately 0.1 second, the lattice relaxation 
time. 

4) Antenna noise. Previously unimportant, the noise 
generated by the antenna and associated transmis- 
sion system is now the main limiting factor and 
will require serious studies to assure optimum de- 
sign for use with masers. 
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A Microwave Frequency Standard Employing 
Optically Pumped Sodium Vapor’ 


W. E. BELL}, A. BLOOMf, anv R. WILLIAMS} 


Summary—An instrument in which a simple microwave triode 
oscillator is stabilized by reference to a natural atomic resonance— 
the field-independent hyperfine resonance of sodium—is described. 
Light from a sodium lamp is transmitted through an absorption cell 
containing sodium vapor and argon, which is placed in a resonant 
cavity. This light produces population differences between the two 
quantum levels which are involved in the desired atomic resonance 
and provides a means of detecting resonance. The cavity is excited 
by an external microwave triode oscillator which is frequency modu- 
lated to a small degree at 60 cycles. When the exciting oscillator fre- 
quency coincides with the center of the atomic resonance line, the 
signal observed by a photocell will be a modulation of the transmitted 
light at 120 cycles and higher even-order harmonics. Any deviation 
from line center will introduce a 60-cycle component whose phase 
and magnitude may be detected to produce an error signal to retune 
the oscillator in the usual servo loop manner. Theory predicts that an 
accuracy of possibly one part in 10'° can be achieved by systems using 
sodium and suitable local oscillators. It is evident also that such sys- 
tems can be engineered into quite small packages, making possible 
many new applications of microwave oscillators stabilized to high 
order. 


N instrument is described in which a simple micro- 
A wave triode oscillator is stabilized by reference 
to a natural atomic resonance—the field-inde- 
pendent hyperfine resonance of sodium. Although 
atomic resonances of this type have been used to pro- 
duce primary frequency standards of hitherto unobtain- 
able stability, it is not our intent to demonstrate such an 
instrument here. What we have built is a compact and 
simple microwave oscillator which has a short-time sta- 
bility of about 1 part in 107 and a long-time stability of 
1 part in 108 or better. As such, it represents an im- 
provement by at least a factor of ten over previous 
simple microwave oscillators in this frequency range. 
The limiting factors determining the stability of this 
system have been shown to reside in the oscillator, 
rather than in the stabilization effected by the atomic 
resonance. It is clear that greater stability could be 
achieved by use of a microwave source with greater in- 
herent stability, for example, a quartz crystal with mul- 
tipliers. Such a system would not have the simplicity 
and compactness of the system presented here. 

The over-all system is portrayed in the block sche- 
matic diagram of Fig. 1. Light from a sodium lamp is 
transmitted through an absorption cell containing 
sodium vapor and argon which is placed in a resonant 
cavity. The light produces population differences be- 
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Fig. 1—Sodium vapor stable oscillator, block diagram. 


tween the two quantum levels which are involved in the 
desired atomic resonance, and also provides a means of 
indication of the existence of resonance.! The cavity is — 
excited by an external microwave triode oscillator which 
is frequency modulated to a small degree at 60 cycles. 
When the exciting oscillator frequency coincides with 
the center of the atomic resonance line, the signal ob- 
served by the photocell will be a modulation of the 
transmitted light at 120 cycles and higher even-order 
harmonics. Any deviation from line center will intro- 
duce a 60-cycle component whose phase and magnitude 
may be detected to produce an error signal to retune the 
oscillator in the usual servo loop manner. 


GENERAL 


A number of methods by which irradiation of a vapor 
by light can be used to provide population differences 
(optical pumping) has been described in the literature.*~“ 
The one employed here is probably one of the simplest 
and depends on the fact that the presence of a relatively 
high pressure of buffer gas tends to disorient the spins 
of the atoms when they are in the optically excited 
states (but not in the ground states which are used in 
the radio-frequency resonance). This may be taken to 
imply that, although the various sublevels of the ground 


1W. Bell and A. Bloom, “Optically detected field-independent 
transition in sodium vapor,” Phys. Rev., vol. 109, pp. 219-220; 1958. 

2 A Kastler, “Optical methods of atomic orientation and of mag- 
netic resonance,” J. Opt. Soc. Amer., vol. 47, pp. 460-465; 1957. 

3H. G. Dehmelt, “Slow spin relaxation of optically polarized 
sodium atoms,” Phys. Rev., vol. 105, pp. 1487-1489; March, 1957. 

4J, P. Wittke, “Molecular amplification and generation of micro- 
waves,” Proc. IRE, vol. 45, pp. 291-316; March, 1957. 
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state may have different probabilities for absorbing 
light, they all have the same probability for receiving 
atoms which are reradiating light and returning from 
the excited states.® Steady-state conditions obviously 
require that the number of atoms leaving a given 
ground state sublevel must equal the number returning 
per unit time, so that one can make the following state- 
ment. If a; is the number of atoms in the 7th sublevel 
and P; is the number of times per second each atom in 
the ith sublevel absorbs light, then the steady state con- 
dition is a; « 1/P;. In addition, we have the requirement 
that the total population is a constant. It is convenient 
to select this constant equal to one. This condition, plus 
the one given above, determines uniquely the popula- 
tions of the various sublevels of the ground state pro- 
vided only that we also know the rate, P;; at which 
atoms absorb light in the various sublevels. 

Most of the light which is emitted by a sodium lamp 
and which is absorbed by cold sodium atoms lies within 
the so-called D lines of sodium, the familiar yellow light 
of a sodium lamp. The difference between the D; and D, 
lines is of no importance here. However, what is impor- 
tant is the fact that each of these lines is in turn split 
into two closely spaced but completely separate hyper- 
fine components. Fig. 2 shows part of the energy level 
diagram for the sodium atom, not drawn to scale. The 
difference between the two lines in a pair of hyperfine 
components is that one of them is capable of exciting 
atoms out of the F=1 state while the other is capable 
of exciting them out of the F=2 state. These frequencies 
are quite well separated as to function, since the natu- 
rally occurring width of an optical spectrum line of these 
wavelengths is of the order of several hundred mega- 
cycles due to Doppler broadening. This is considerably 
less than the 1772-mc separation of the energy levels. 
If the populations of all eight magnetic sublevels shown 
in Fig. 2 were equal, then it is clear that light capable of 
exciting atoms out of the F=2 level would be attenu- 
ated 5/3 as fast as the light exciting atoms out of the 
F=1 level, since there are 5 atoms in F=2 for every 
three atoms in F=1. 

We are now in a position to describe the light absorp- 
tion on a quantitative basis. Let us choose x as a normal- 
ized distance through the absorption cell; in practice, x 
is a function of sodium vapor density. Let us assume 
that we can neglect other effects besides the optical 
pumping which might contribute to the final population 
distribution. Then the intensity of the light as a function 
of distance through the absorption cell can be described 
by the following system of equations: 


3a; + 5a, = 1 
dI,/dx = 3ayl, 
dI./dx ic Saelo 


ay = dol 


_ 5° W. Bell and A. Bloom, “Optical detection of magnetic resonance 
in alkali metal vapor,” Phys. Rev., vol. 107, pp. 1559-1565; 1957. 
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Fig. 2—Sodium atom energy levels diagram. 


where we have implicitly substituted J; for P;. This is 
permissible because of their proportionality, which in 
turn holds because the transition probability per unit 
time for atoms in all sublevels are equal (assuming un- 
polarized light). This system of equations has an exact 
solution as follows, assuming 14;=/,.=, at x=0, 


1 ~ TRG 
Ty raid VA toe) 


1 so 
Ts = 3 (-1 4. V/1 a 15é *). 


These curves have been plotted in Fig. 3 together with 
the sum J,+J:, which is the light intensity as seen by 
the photocell when the light path through the absorp- 
tion cell is x. On the other hand, if by some external 
agent we constrain the populations of all of the eight 
magnetic sublevels to be equal, then the light intensity 
would be given by e~**/8+-e-*/8, which is indicated by 
the dashed line in Fig. 3. The actual reduction in light 
intensity by equalizing a particular pair of levels, such 
as the two M=0 levels, is probably about one fourth of 
that indicated, Thus, for example, at x=3 one might 
expect the change in light intensity due to the zero-zero 
resonance to be something of the order of 4 per cent of 
the total remaining light intensity. With known light 
sources, a reduction of intensity equal to that reached 
at x=3 is probably the greatest that can be expected 
before other effects such as thermal relaxation become 
important in determining population differences. 
In the actual system, the radio frequency was swept 
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Fig. 3—Light intensity vs total absorption through the gas cell. 


back and forth through the resonance at 60 cycles. The 
type of signal observed in this apparatus, which ob- 
serves population differences rather than oscillating 
components of magnetization, is somewhat different 
from the resonance signals normally encountered. The 
process of producing a signal may be outlined as fol- 
lows. As the frequency is swept exactly through reso- 
nance, the transient RF coupling to the spins rapidly 
inverts them, 7.e., shifts the population difference. Dur- 
ing the remaining half cycle or so when the RF is not 
exactly at resonance, the spins slowly return to popula- 
tion equilibrium with the pumping light, resulting in a 
relatively slow recovery of light intensity as observed 
by the photocell. At the end of the half cycle, the spins 
are back to equilibrium and ready for another inversion. 
The important thing which must be understood is that 
the “width” of the signal as observed in this system is 
not really a function of natural line width but is merely 
a function of the manner in which the sweep field oper- 
ates. For this reason, in order to take full advantage of 
the relatively narrow line widths of these systems, it is 
necessary to operate with a quite narrow sweep and 
weak RF. However, quite satisfactory results also can 
be obtained with a wider sweep and more RF. The re- 
sult is effectively a line with somewhat better signal-to- 
noise ratio and greater line width, and the system as a 
whole has a lower stabilization. 


6 F. Bloch, “Nuclear induction,” Phys. Rev., vol. 70, pp. 460-471; 
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ELECTRONICS 


The oscillator is a conventional microwave triode of 
the lighthouse type, with cavities tunable about the de- 
sired frequency of resonance, 1772 mc. A fine frequency 
control is provided by a small variation of the plate sup- 
ply voltage applied to the tube, which simultaneously 
yields a convenient method for frequency modulat- 
ing the oscillator. Since the index of modulation needed 
is so small, no more than 1 part in 10%, it was merely 
necessary to superimpose a small 60-cycle ripple on the 
output of the iegulated power supply to sweep the oscil- 
lator through the sodium resonance. 

The oscillator is loosely coupled to the cavity contain- 
ing the absorption cell and provides the radiation nec- 
essary to excite the sodium hyperfine transition. The 
cavity is a right circular cylinder resonating in the TEony 
mode with coaxial holes at each end to allow the light 
to pass in and out. The absorption cell is inside the 
cavity and is arranged to intercept the light beam. For 
a cavity in the TEou mode, the magnetic lines of force of 
the RF field are parallel to the axis except near the ends 
where there are some components perpendicular to the 
axis. To excite the field independent transition, it is 
necessary that the RF field be parallel to any existing 
dc field such as the earth’s magnetic field. By placing 
the absorption cell near one end of the cavity where 
components of the magnetic field in all directions are 
present, it was possible to achieve a reasonable amount 
of directional independence, so that the apparatus as a 
whole did not have to be oriented in one particular di- 
rection to give good signals. 

The Q of the cavity used in optical detection does not 
have to be particularly high, since it is light absorption 
rather than electromagnetic radiation which is being 
detected. However, a high Q is useful in that it reduces 
the amount of power which is required from the oscilla- 
tor to excite the cavity. The configuration employed 
allows a reasonably high Q (over 10,000) even though 
the holes at the ends are large enough to allow a beam of 
light about two inches in diameter to pass through. The 
absorption cell is a fused quartz cylinder two inches in 
diameter and three inches long. Quartz is used because 
of the reduced losses at these frequencies and thereby it 
does not appreciably perturb the field configuration of 
the cavity. The cell contains pure metallic sodium de- 
posited at one end in a manner permitting a sufficient 
area to be transparent to the sodium light. The buffer 
gas is spectral grade argon at a pressure of about 10 
centimeters of Hg, and the cell is operated at a tempera- 
ture of about 135°C, which provides a vapor pressure 
for the sodium of about 10-* millimeters of Hg. 

The sodium lamp supplying the pumping light is of 
the electrodeless discharge type. A small glass tube con- 
taining the sodium metal with argon at about 1-mm 
pressure is placed in the tank coil of a self-excited power 
oscillator running at about 50 mc. This field supplies 
power to heat the sodium metal to produce vapor and 
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at the same time excites the vapor and causes the char- 
acteristic sodium light to be emitted. It was found that 
if the light from the lamp was very bright, the gas cell 
polarization would be quite poor. This could be ex- 
plained by a broadening of the sodium light spectral 
line because of too high a vapor pressure. Time did not 
permit a complete examination of phenomena con- 
nected with the lamp, so that for purposes of our experi- 
ments we determined a particular set of lamp operating 
conditions (power dissipation in the oscillator) for which 
lamp operation was satisfactory. As long as these condi- 
tions were not varied drastically, stable operation of the 
lamp resulted for long periods of time. 

The type 6570 photocell used to monitor the light in- 
tensity passing through the absorption cell has a surface 
of S1 material, which has a relative efficieney of about 
50 per cent for sodium light. The signal resulting from 
optical detection of the ‘resonance has a signal-to-noise 
ratio of 10 or more, with a photocell amplifier bandpass 
of the order of 10% cycles. A photograph (1 or 2 sweep 
cycles) of the scope presentation is shown in Fig. 4. The 
vertical signal is the photocell output plotted against 
the 60-cycle horizontal sweep also used as the phase de- 
tector reference. 


RESULTS 


Time did not permit a complete examination of the 
parameters of this particular system; however, one par- 
ticular set of operating conditions will be described. To 
evaluate the accuracy to which the frequency of the 
microwave oscillator triode is being controlled, it is nec- 
essary to measure the sweep width so that excursions of 
resonance within the sweep can be determined. It is 
fortuitous that the hyperfine structure of the sodium 
atom itself provides a convenient sweep calibration for 
these purposes, so that no additional apparatus is needed 
to make the calibration. If one shifts the frequency of 
the oscillator by about 350 kc, one can find two other 
resonances from the hyperfine structure, in particular, 
those from F=2, m=0 to F=1, m= —1 and from F=2, 
m=-—1 to F=1, m=0. These resonances are almost 
coincident, and, as a matter of fact, it can be shown by 
theory that the separation of the resonances is almost 
exactly 1155 cycles in the laboratory magnetic field. 
Thus if the frequency modulation of the oscillator is of 
the order of several thousand cycles, these two reso- 
nances will appear as two separate and distinct peaks on 
the oscilloscope trace. Their separation relative to the 
total sweep can then be used to calibrate the sweep. 

We operated the system with a sweep width of about 
3000 cycles. Under this condition the system was quite 
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Fig. 4—Optically detected signals from sodium resonance. 


stable, and we were able to operate for a total of about 
100 hours without any major adjustments to the sys- 
tem. During this time, the crossover point of the oscillo- 
scope signal remained within a factor of 10 per cent at 
the center of the trace. On this basis, it is clear that the 
oscillator had a short time stability of the order of 2 
parts in 107 for periods corresponding to a few tenths of 
a second. The long-time stability, of course, was much 
greater than this, since at no time during a period of 
about 100 hours did the signal wander out of the dy- 
namic range of the servoloop. When we attempted to 
narrow the sweep, the long-time stability was as good 
as or better than that given above. But on a short-time 
basis, it was observed that there were oscillations of the 
order of 1 cycle per second which could not be controlled 
by the existing time constants of the feedback loop. 
These oscillations are believed to be due to a hysteresis 
effect in the microwave triode, resulting in second de- 
rivative terms which cannot be controlled by a feedback 
loop consisting of simple RC time constants. Time did 
not permit a complete analysis of this problem. How- 
ever, it is clear that a more sophisticated servomecha- 
nism controlling the feedback would enable us to control 
this oscillation, thus allowing one to go to much nar- 
rower sweeps and consequently much higher degrees of 
stability. 

Theory predicts that an accuracy of possibly 1 part 
in 10° can be achieved by systems using sodium and 
suitable local oscillators. It is also evident that such 
systems can be engineered into quite small packages, 
making possible many new applications of microwave 
oscillators stabilized to high order. 
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Microwave Filter Design Using an 
Electronic Digital Computer’ 
LEO YOUNGt 


Summary—lIt is shown how a transmission-line circuit can be 
analyzed by a digital computer. Transformation matrices are used 
and broken down into equations which are applicable to a computer. 

“Synthesis by computer” involves feeding in an approximate de- 
sign and programming the computer to search for better parameters 
until the performance matches the specification. Examples are given 
to indicate time and cost of both analysis and synthesis procedures 
on an IBM Type 650 digital computer. 

The synthesis of a stagger-tuned three-cavity filter is described. 


INTRODUCTION 
\ PPROXIMATE design formulas are available for 


various microwave circuits, such as direct-cou- 

pled resonator filters,! where the performance in 
the pass band is specified. To investigate the perform- 
ance outside the pass band (such as the rejection at 
higher and lower frequencies, and the location of higher 
order pass bands), to determine the effect of tolerances, 
and to test the accuracy of the design formulas, several 
microwave circuits have been analyzed over wide fre- 
quency bands by programming a digital computer. The 
circuits analyzed in this paper are all direct-coupled 
multicavity resonator filters exhibiting band-pass be- 
havior. 

The synthesis of distributed parameter circuits is 
more difficult than their analysis. There appears to be 
one exact method,’ but it holds only for resistor-trans- 
mission-line circuits. Another method of synthesis is de- 
scribed in this paper. Its main usefulness is likely to be 
in those cases where it is desired to improve an already 
existing approximate design. This method does not de- 
velop algebraic formulas, but arithmetical procedures 
which are programmed for a digital computer. The de- 
sign procedure may be broken down into the following 
steps. 


1) The designer estimates his circuit parameters by 
approximate design formulas, or by means of a 
Smith chart. 

2) He analyzes the resulting rough design on a com- 
puter. 

3) He varies his parameters until the new perform- 
ance is acceptable. 


Step 3 is usually accomplished by a series of approxi- 
mations, in which the design adjustments become 
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smaller and smaller as the performance converges on the 
specification. 

The computer is able to reach decisions that make 
“synthesis by computer” possible. Essentially, this “syn- 
thesis” consists in letting the computer not only per- 
form the arithmetical tasks in step 2 above, but also 
take over the decision making listed in step 3. It is in 
this narrow sense only that “synthesis by computer” is 
spoken of in this paper. 

Three questions now present themselves. 


1) Is the specification realizable with the given cir- 
cuit configuration? 

2) Can the prescribed process of cut and try (adjust- 
ment and selection) converge to give the specified 
performance? 

3) Can initial approximate parameter values be 
found so that the process not only can, but does 
converge? 


Only if all three answers are positive, will the search 
for a better design be successful. No universal test can 
be applied, and it may be a matter of trial and error 
until a convergent combination is found. 


TIME AND Cost CONSIDERATIONS 


When should a digital computer be used? Briefly, 
whenever lengthy repetitive calculations are involved, 
as in the computation of the VSWR of a filter at many 
frequencies. To gain some idea of the time and cost in- 
volved, the following example is given. The machine 
was an IBM Type 650, a medium fast computer. A 
basic language program was used, and the computer 
had a floating decimal device and three index registers. 
It also had a 60-word magnetic core storage, and bands 
of data and instructions were transferred from the drum 
to core storage for execution. 

It was required to design a three-cavity direct-cou- 
pled transmission line band-pass filter. An optimum 
(equal ripple) design was specified. To program the 
computer for the analysis of this circuit took about two 
days. To run one analysis on the machine takes just 
three seconds per frequency point, plus one minute 
loading time. Thus, 40 spot frequencies take three min- 
utes. To synthesize the circuit by trial and error, for 
example, might involve five adjustments by the opera- 
tor. Each time, the computed data has to be examined 
before the next trial solution is loaded into the com- 
puter. This particular problem was then programmed 
for computer synthesis. The computer completed the 
synthesis in five to six minutes, including the final analy- 
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sis. Computer time is a dollar a minute in round figures, 
and there was actually a net saving over the repeated 
analysis method. However, to program the computer 
for synthesis took about two weeks, as against two days 
for the analysis alone. 


TRANSFORMATION MATRICES 


When using a computer, advantage has to be taken of 
its great facility to perform repetitive calculations. It is 
best, therefore, to break the problem down into a num- 
ber of operations of similar form, letting the machine 
substitute new numbers as it works its way through the 
problem. This can be understood by visualizing a trans- 
mission line containing lumped discontinuities (such as 
irises or sudden changes in cross section). The transmis- 
sion line in Fig. 1 is loaded at intervals by obstacles 


REFERENCE PLANES 
STATES: s 5 s s 
a! 4 3! 3 Y 2 1% 


TRANSFORMATION +} 
MATRICES: 
OBSTACLE LINE- ae OBSTACLE 


Fig. 1—Transmission line loaded at intervals. 


(represented by rectangular boxes). For reasons which 
are explained presently, we shall always work from out- 
put (on the right) to input (on the left). The several 
vertical broken lines in the figure are the reference 
planes in the waveguide. The “state” of the waveguide 
in the various reference planes is denoted by Si, Ss, 
S3,°°-:. “State” means any two complex numbers 
forming a two-dimensional complex column vector, 
which completely describes the electromagnetic condi- 
tion or state of the waveguide, assuming only one mode 
of propagation. The two elements of the vector repre- 
senting a state are usually the voltage and current,’ re- 
spectively, or the incident and reflected wave ampli- 
tudes.?4 The state S, in reference plane 2 can be calcu- 
lated from the state S; in reference plane 1 by operating 
on S; with the matrix operator 7): 


Se = La: (1) 


If, for instance, S is composed of voltage ~ and cur- 


rent I, so that 
SoCs) @ 
I 
then 7’ is the ABCD matrix 


3G, L, Ragan, “Microwave Transmission Circuits,” M.I.T. Rad. 
Lab. Ser., McGraw-Hill Book Co., Inc., New York, Ne pyesavolnos 
pp. 544-554; 1948. 

4L. Young, “Branch guide directional couplers,” Proc. Natl. 
Electronics Conf., vol. 12, pp. 723-732; 1956. (See also Proc. TEE, 
pt. B, vol. 104, p. 586; November, 1957.) 
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A B 
ate: (3) 
CAD 
The computer then solves for Sny: by an iterative 
procedure from 


Sat = Pyles 3 T3T oT 81. (4) 


It is more convenient to work back from the output 
to the input because the state S; is always known. 
Usually, the termination is a matched load, and (after 


normalization) 
1 
aso € 


for the ABCD matrix. 


SYNTHESIS BY COMPUTER—-ADVANTAGES 
AND LIMITATIONS 


At first, to save time and constant reloading, several 
trial circuits were loaded together, and the machine 
analyzed one after another. From the computed results 
a new and, if possible, better set of circuit parameters 
was estimated, and so on. In many cases, it was found 
that data accumulated at a greater rate than the human 
operator’s limited capacity to absorb and select. It was 
then that the idea of letting the computer not only cal- 
culate but also select from the data, finally printing 
only the best design, seemed most attractive. 

Certain limitations of the search or synthesis pro- 
cedure by computer later became apparent. To write 
the specification exactly as desired into the computer 
is not always practical. For instance, to specify a certain 
maximum VSWR inside a given frequency band would 
require more time programming and computing than to 
specify the m frequencies at which the reflection coeffi- 
cient of a lossless -cavity filter is to be zero, plus one 
other parameter to fix the scale. For instance, one can 
let the m frequencies of zero reflection coefficient be de- 
termined by a comparison with the corresponding 
Tchebycheff polynomial having the desired bandwidth. 
Thus the formulation of the problem will usually in- 
volve some compromise; the specification should be 
written so that it can be programmed readily into the 
computer, while yet retaining the intentions of the de- 
signer. 


SYNTHESIS OF A THREE-CAVITY 
STAGGER-TUNED FILTER 


The circuit to be optimized is a symmetrical lossless 
three-cavity direct-coupled band-pass filter, as shown in 
Fig. 2, consisting of a transmission line with four shunt 
inductive posts. Thus, there are four independent pa- 
rameters, the values at some fixed frequency of the sus- 
ceptances —jb,, —jb, and their spacings gi, $2. Since it 
would be difficult to adjust and optimize four independ- 
ent parameters, they will be reduced to two. To begin 
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with, they are reduced to three by keeping }; fixed. (If 
necessary, more values of b; can be tried later.) 

The synthesis of the circuit now is explained briefly 
with the aid of Fig. 2(b), in which 


o1 = (81 sm 61) (6) 


where at the plane separating 6; and 6; the admittance 
is taken real at all frequencies. This defines 81; 6; is made 
variable and later optimized by the computer. 


CENTER 


-jb2 LINE -jb, -jby 


kK-#4 Tara? +— 9, —| 


(b) tet: ole $0141 58; | 


~jby 


By D9s= = —_ SUSCEPTANCE. VALUES, 
Pi:D2:84,8;-—--ELECTRICAL SPACINGS IN RADIANS. 


Fig. 2—Symmetrical three-cavity filter. 


The susceptance value 0, is the other variable to be 
optimized by the computer. If the filter is to be matched 
at this frequency, then the susceptance value ‘seen from 
the center plane must be zero, which then determines ¢p. 

So far, only one frequency has been considered, and 6; 
and 6, are still arbitrary. Let it be required that the 
filter also be matched at two other frequencies, one on 
each side of the fixed frequency. It is required that bd, 
and 6; be adjusted until a perfect match is obtained at 
the three given frequencies. 

The design procedure, or synthesis by computer, is 
now as follows. A value of 6; and d2 is estimated from an 
approximate design formula.!>~7 With this as a starting 
point, the computer keeps @; fixed and solves for b2 twice, 
once for b,=b,’ which gives a perfect match at the lower 
specified frequency, and once for b,=b:” which gives a 
perfect match at the upper specified frequency. This is 
repeated for several values of 4;. The design is complete 
when 


b.! == bo!” = D(61) — 0. (7) 


5G. C. Southworth, “Principles and Applications of Waveguide 


Transmission,” D. Van Nostrand Co., Inc., New York, N. Y., ch. 9; 
1950. 
5 6 R. Levy, “An improved design procedure for the multi-section 
generalized microwave filter,” Proc. IEE, pt. C, vol. 104, pp. 423- 
432; September, 1957. 
7H. Seidel, “Synthesis of a class of microwave filters,” IRE 
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-S, 
pp. 107-114; April, 1957. 
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Any frequency dependence can be assumed for the 
shunt susceptances. The problem of interest concerned 
a coaxial line with posts between the inner and outer 
conductors which behave as shunt inductances. Their 
reactance therefore is made proportional to frequency. 

It is important to make the first estimate as accurate 
as possible; otherwise, the procedure may not converge. 
This occurs when the initial value is on the wrong side 
of a local maximum or minimum of the quantity which 
it is tried to zero (point A in Fig. 3). The increment 
values should be chosen carefully. In this problem, it 
was considered better to use two sets of increments. 
First, the steps are larger until the appropriate zero line 
is crossed (points 1, 2, 3, 4 in Fig. 3). Then this is re- 
peated in smaller steps, starting from the hitherto best 
value (points 4, 5, 6, 7, 8 in Fig. 3). Finally, the machine 
interpolates between the two nearest points (7 and 8 in 
the figure) on opposite sides of the zero line. 


DIVIDING 
SHED 


SOLUTION 
CONVERGES 


SOLUTION DIVERGES, OR 
; OSCILLATES ABOUT 
WRONG VALUE. 


MAX 


e% 
ect INTERPOLATE BETWEEN 


POINTS 7 AND 8. 


Fig. 3—Illustrating “synthesis by computer.” 


CONCLUSION 


Most of the numerical and experimental work has 
been undertaken in connection with the design of three 
and four-cavity coaxial-line filters. The cavities are de- 
fined by posts between the inner and outer conductors, 
which behave as shunt inductances. The programs also 
could be applied to dispersive lines in which the shunt 
susceptances are proportional to the guide wavelength 
(this holds quite closely for waveguide inductive irises). 
In this case, frequency is replaced by reciprocal guide 
wavelength. Programs are now available which analyze 
direct-coupled resonator filters with up to nine cavities, 
computing the VSWR, attenuation, and other quanti- 
ties of interest at all specified frequencies. Small ohmic 
losses, both distributed in the line and lumped with the 
inductances, also may be included with these programs. 
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Measurement of Two-Mode Discontinuities 
in a Multimode Waveguide by a 


Resonance Technique* 
L. B. FELSENt, W. K. KAHN}, anp L. LEVEY 


Summary—The deliberate use of two or more propagating modes 
in a multimode waveguide, and a knowledge of associated control 
elements, has assumed renewed importance, particularly for milli- 
meter wavelength applications. This paper presents a resonance 
measurement technique for the precise evaluation of the equivalent 
network for a lossless shunt discontinuity coupling two nondegener- 
ate modes in a multimode waveguide. The discontinuity structure is 
placed into a cavity closed by adjustable plungers, and the data con- 
sists of those plunger positions which render the cavity resonant in 
the two modes of interest. This multipoint data is then transformed 
to permit an analysis of the two-port network in the discontinuity 
plane by conventional techniques. 

Computations and experimental results obtained at S band illus- 
trative of the procedure are presented for shunt discontinuities cou- 
pling the E), and Ho; modes in circular waveguide. The accuracy 
achieved is comparable to that obtained in single mode precision 
measurements. 


J. INTRODUCTION 


ECHNIQUES for the measurement of the equiva- 

lent network parameters of discontinuities cou- 

pling two or more modes in a multimode wave- 
guide are of interest for a variety of guided wave sys- 
tems admitting the propagation of more than one mode. 
Included among these are coupled closed or open (sur- 
face or leaky) waveguides supporting several “normal” 
modes, and oversized conventional waveguide configura- 
tions,!~* with renewed interest in the latter provided by 
millimeter wavelength applications. We may distinguish 
two broad categories of multimode waveguide opera- 
tion: those which seek to restrict propagation to a single 
preferred mode, and those which exploit deliberately the 
presence of, and interaction between, several modes. 


* Manuscript received by the PGMTT, June 16, 1958; revised 
manuscript received, September 5, 1958. The research described in 
this paper was performed under contract DA-36-039-sc-71235 with 
the Signal Corps Eng. Lab., Fort Monmouth, N. J. 

t Microwave Research Institute, Polytechnic Inst. of Brooklyn, 


1D. J. Angelakos, “Measurements and components for rectangu- 
lar multimode waveguides,” IRE TrANs. ON INSTRUMENTATION, 
PGI-4, pp. 1-5; October, 1955. 

2 P. Schiffres, Final Report—Research and Development of 
Extremely Broad-band Waveguide Components, Polytechnic Res. 
and Dev. Co., Inc., Brooklyn, N. Y.; December, 1957. 

3A. C. Beck, “Measurement techniques for multimode wave- 
guides,” IRE Trans. oN Microwave THEORY AND TECHNIQUES, 
PGMTT-3, pp. 35-41; April, 1955. 

4D. A. Lanciani, “Ho mode circular waveguide components,” 
IRE Trans. oN MICROWAVE THEORY AND TECHNIQUES, PGMTT-2, 
pp. 45-51; July, 1954. 

5H. P. Raabe, “A rotary joint for two microwave transmission 
channels of the same frequency band,” IRE Trans. oN MICROWAVE 
THEORY AND TECHNIQUES, PGMTT-3, pp. 30-41; July, 1955. 

§ J. R. Whinnery, “Design of microwave filters,” Proc. Symposium 
on Modern Network Synthesis, Polytechnic Institute of Brooklyn, 
N. Y., vol. 1, pp. 292-311; 1952. 


The associated multimode measurement techniques re- 
flect the needs of these waveguide systems. For single- 
mode operation, every effort is made to maintain mode 
purity, and the aim is to detect and minimize the pres- 
ence of unwanted propagating modes. Thus, a measure- 
ment of the (small) relative power coupled into the 
spurious modes is usually sufficient.2~* For true multi- 
mode operation, on the other hand, one is often con- 
cerned with discontinuities which cause appreciable in- 
terchange of energy between various modes, as utilized, 
for example, in the design of mode transducers, direc- 
tional couplers, filters,* etc. In this instance, a complete 
and accurate knowledge of the network properties of a 
discontinuity is essential. 

This paper describes a resonance technique for meas- 
uring the complete equivalent circuit for a disconti- 
nuity. Although the method can be adapted, in princi- 
ple, to measure lossless discontinuities coupling an arbi- 
trary number of modes, its experimental utility is dem- 
onstrated herein only for shunt discontinuities coupling 
two modes of a multimode waveguide. In this procedure 
a cavity is formed by closing a section of uniform wave- 
guide at both ends with adjustable short-circuiting 
plungers. The two mode coupling or discontinuity struc- 
ture to be measured is inserted into this simple cavity; 
the coupling structure may be thought of as a perturba- 
tion of the original cavity. The data required for the 
evaluation of the equivalent network parameters for the 
discontinuity element are various plunger positions 
which render the perturbed cavity resonant in the two 
coupled modes. The method employed for abstracting 
the circuit parameters from the basic data, reduces this 
data to that conventionally obtained in the single-mode 
measurement of a lossless two-port by the method of 
sliding short circuits. Familiarity with the measurement 
of lossless two-ports by a movable short circuit tech- 
nique is assumed.7—® 

The present scheme appears to offer a number of ad- 
vantages over other techniques which would rely on the 
measurement of the amplitudes and phases of the re- 


TH. M. Altschuler and L. B. Felsen, “Network methods in micro- 
wave measurements,” Proc. Symposium on Modern Advances in 
Microwave Techniques, Polytechnic Institute of Brooklyn, N. Y 
vol. 4, pp. 271-307; 1954. 

* N. Marcuvitz, “Waveguide Handbook,” Radiation Lab. Ser. 
McGraw-Hill Book Co., Inc., New York, N. Y., vol. 10, sec. 3.3, 
3.4, pp. 117-138; 1951. 

* A. Weissfloch, “Schaltungstheorie und Messtechnik des Dezi- 
meter—und Zentimeter—Wellengebietes,” Birkhauser Verlag, Basel 
und Stuttgart, pp. 195-200; 1954. 
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flected and transmitted waves in each mode.!-3 First, 
since only a coupled mode resonance need be detected, 
it is not necessary to discriminate between the two 
modes concerned. This feature represents a considerable 
simplification in instrumentation and procedure. Sec- 
ond, the data required for the complete analysis of loss- 
less discontinuities are merely the resonant plunger po- 
sitions which can be measured simply and accurately. 
Third, multipoint data for shunt structures can be ana- 
lyzed by averaging methods of the semiprecision or 
precision type familiar from the theory of single mode 
measurements,’ thus leading to accurate results for the 
' equivalent network parameters. This feature is par- 
ticularly important if the discontinuity couples two 
modes out of a complex of other possible propagating 
modes, in which case, the measurement procedure must 
distinguish between resonances in the desired and the 
spurious modes. A precision analysis wil! highlight any 
inconsistencies in the experimental data. 

The measurement technique proposed herein has been 
verified experimentally at the S band of frequencies in 
a circular waveguide cavity containing a shunt dis- 
continuity coupling the Eo, and Ha: modes. 


II. NETWORK DESCRIPTION OF MULTIMODE CAVITY 


A. Remarks Concerning N-Mode Discontinutties. 


1) The Resonance Relation: The structures considered 
in this paper comprise lossless discontinuities situated in 
a multimode uniform waveguide [Fig. 1(a) ]. As is well 
’ known, the fields in regions far from the discontinuity 

structure may be expressed as a superposition of the 
propagating modes of the waveguide, and the modal 
coefficients may be interpreted as voltages and currents 
on equivalent uniform transmission lines, one for each 
mode, coupled only in the discontinuity region. The re- 
lationship between several or all of the propagating 
mode voltages and currents imposed by the presence of 
the discontinuity can be inferred from the network 
coupling the transmission lines, as shown in Fig. 1(b). 

The measurement procedure for the evaluation of the 
parameters describing the coupling network is based on 
an analysis of the cavity formed when the multimode 
waveguide containing the discontinuity structure is 
closed by movable conducting plungers located “far” 
from the discontinuity [Fig. 1(a) |. The quantities D and 
_ S are physical lengths, measured from arbitrarily chosen 
reference planes to the plunger short circuits in the 
sense indicated by the arrow. In the equivalent circuit 
of Fig. 1(b), the plungers are represented by ganged 
modal short circuits, and the discontinuity region 
(included between the reference planes) by the dashed 
rectangle. The various modal transmission lines are 
characterized by propagation constants x; and char- 
acteristic impedances Z;,i1=1, 2,---, N. The internal 
structure of the discontinuity network, shown by solid 
lines, is specialized for a two mode discontinuity as will 
be discussed further below. 
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Fig. 1—Measuring cavity and equivalent circuit. 


The cavity formed by the plungers and waveguide is 
resonant if a finite field may be sustained in it without 
excitation. The condition at resonance is expressed by 


- => 
B+B=0, (1) 
- — 
where B and B designate the susceptance seen looking 
to the left and to the right, respectively, from a terminal 
pair chosen anywhere in the equivalent network. 

2) The Resonance Diagram: When the positions of the 
cavity plungers D and S are plotted along cartesian 
axes, the contours which represent those particular 
plunger positions that render the cavity resonant con- 
stitute the “resonance diagram” of the cavity. In the 
absence of any discontinuity structure, the contours of 
the resonance diagram evidently consist of straight lines 
[see dashed lines in Fig. 2 for the case of only two propa- 
gating modes with guide wavelengths \gi,o, where the 
two reference planes in Fig. 1(a) have been chosen to 
coincide]. The introduction of a discontinuity into the 
cavity results in the perturbation of some of these lines. 
The simplest perturbation occurs when the disconti- 
nuity disturbs only one of the propagating modes so that 
only the lines corresponding to that mode are altered. 
The pertinent contours then assume the form char- 
acteristic of a two-port tangent relation curve familiar 
from the theory of measurement of a lossless two-port 
by a sliding short circuit technique.* The modification 
of the contours due to the introduction of a multimode 
discontinuity is much more complicated. Certain special 
features of these contours will be discussed in subse- 
quent sections. 

In the proposed measurement technique, the avail- 
able data are those positions of the two plungers for 
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Fig. 2—Resonance diagram of empty measuring cavity. 


which the cavity is resonant. Since the equivalent modal 
short circuits in Fig. 1(b) are not individually adjust- 
able, the question arises as to whether this information 
suffices to determine the parameters for an arbitrary 
discontinuity structure. When the various propagating 
modes have incommensurable wavelengths, it can be 
shown that the resonant plunger positions provide as 
complete a set of data!® as could be obtained if the posi- 
tions of the modal short circuits on the individual trans- 
mission lines were controllable independently. When 
the guide wavelengths are commensurable, but not in 
the ratio of small whole numbers, one usually obtains 
sufficiently general data for the determination of the 
equivalent circuit. 

3) Shunt Discontinuities: A thin transverse structure 
in a multimode waveguide is characterized by the con- 
tinuity of the transverse electric field (7.e., the mode 
voltages) across the discontinuity plane. The corre- 
sponding equivalent network is therefore of the type 
shown in Fig. 3(a), that is, pure shunt with respect to 
the various modal transmission lines. (Although the 
present remarks apply to V-mode structures, the figures 
are drawn for the special case, V = 2, discussed in detail 
later.) For such transverse structures, it is convenient 
to measure the plunger positions relative to the dis- 
continuity plane. 

The resonance data for a 2N-port, namely, the reso- 
nant plunger positions D and S of Fig. 3(a), may be re- 
duced to equivalent short circuit data for the N-port 
network in the discontinuity plane by a procedure 
schematized in Fig. 3(b) (for N=2). The susceptances 
of the two sections of modal transmission line connected 
to the zth port of the coupling network may be added 


10 L. B. Felsen, Analysis of Circular Waveguide Modes, Second 
Quarterly Rep., Signal Corps Eng. Labs., R-503.6-56, PIB-433.6, 
ee DA-36-039-sc-71235, sec. III A-2, pp. 2-15; November 27, 
1956. 
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Fig. 3—Analysis of shunt twe-mode discontinuities. (a) Equivalent 
circuit for pure shunt 2-mode discontinuity in measuring cavity. 
(b) Equivalent length cot KJ=cot KS+cot KD. (c) Conventional 
2-port analysis for discontinuity parameters. 


and the result interpreted as an equivalent single length 
1; of short circuited line by the relationship 


cot Kd; = cot KS + cot KD, $22, 1, Qe eae 


where xk; is the propagation constant for the 7th mode. 


B. Two-Mode Shunt Discontinutties. 


1) The Resonance Relation: We now. consider in greater 
detail the special case of a two-mode shunt discon- 
tinuity, which will concern us henceforth. A two-mode 
discontinuity is defined as one which couples two propa- 
gating modes to each other but to none of the remaining 
propagating modes which may exist in a multimode 
waveguide. Its equivalent circuit consists of two dis- 
joint portions as illustrated in Fig. 1(b) (solid lines). 
For thin transverse discontinuities in a uniform wave- 
guide, the two-mode coupling network may be repre- 
sented as shown in Fig. 3(a), 7.e., a two-port connected 
in shunt at the discontinuity plane across the two modal 
transmission lines representing the coupled modes of 
interest. 

Equivalent short circuit data for the two-port in the 
discontinuity plane may be computed from the ob- 
served resonant plunger positions as described in Sec- 
tion II-A, 3). The equivalent single line lengths, defined 
in (2), are designated in Fig. 3(c) by 1 => and J,=A and 
determined by the relationships 


cot Kz = cot KS + cot KD, 
cot KA = cot KS + cot KD. (3) 


These corresponding lengths A and 2 constitute a set of 
data equivalent to that which would be obtained if the 
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' two-port network in the discontinuity plane were meas- 
ured directly by a variable short circuit technique. This 
conventional two-port data is most directly interpret- 
able if the network in the discontinuity plane is repre- 
sented by the transformer type circuit in Fig. 3(c). 
Then the resonance condition (1) evaluated at the left 
transformer terminals, yields the tangent relation be- 
tween A and 2, 


tan Ko(A a Ao) vec ala k1(2 = Do) == 0, (4) 
where 
—y = n*(Z1/Z2). 


The parameters Ao, Xo and y of the equivalent circuit 
are readily obtained from a graph of (4) plotted from 
the measured sets of resonant A, » values.’ 

It may be noted that © and A can be eliminated be- 
tween (3) and (4) to yield an analytical expression for 
the resonance curves on the two-mode resonance dia- 
gram. This is a rather involved transcendental relation 
between D and 5S; generally, the curves possess no 
simple periodicity in either D or S. A resonance diagram 
was computed for a simple network (see Section II-B, 
4) in order to anticipate the type of curves to be ob- 
tained from an actual measurement; an experimentally 
determined diagram is presented in Fig. 11 in the last 
section. 

2) Fixed Points of the D, S Resonance Diagram: The 
curves of a resonance diagram for any shunt discon- 
tinuity will always pass through certain “fixed points” 
of the D, S plane. These points correspond to resonant 
field distributions in which the transverse electric field 
at the discontinuity plane in either mode vanishes. The 
coordinates of the fixed points, indicated by the circles 
drawn on the grid of Fig. 2, are 


Noi Agi 
Di=-pye) S opi; 
2 2 


greet 12: (5) 
where the ),’s are the guide wavelengths of the relevant 
modes and m and m are integers. Considered as data, 
such points yield no new information. 

3) Resonance Curves for Special Structures: Resonance 
curves for the special class of two-mode shunt discon- 
 tinuities whose network representation in the discon- 

-tinuity plane is such that a short circuit is seen at one 
port when the second port is short circuited, pass, in 
addition, through the points designated by crosses in 
Fig. 2, the coordinates of which are 


Laelia tea S=n—-> (6) 


This special class of networks is representable by a 
- shunt susceptance plus a transformer in the discon- 
_tinuity plane. The field distribution associated with this 
resonance is somewhat peculiar: finite fields exist only in 
~ one mode to the left of the discontinuity plane and only 
_ in the other mode to the right of that plane. 
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One particular group of resonance curves obtainable 
under special conditions deserves some attention mainly 
to point out that these curves, or others nearly equiva- 
lent to them, should be avoided in experiment since 
little information concerning the network in the dis- 
continuity plane can be abstracted from them. The con- 
ditions referred to are: a) that the two modes have com- 
mensurable wavelengths, and b) that the network in the 
discontinuity plane be represented by a two-port for 
which an open circuit is seen at one port when the second 
port is open-citcuited. This implies that the network 
comprises a series reactance plus a transformer. In 
the absence of any discontinuity, condition a) permits 
separate resonances in the two modes to exist simul- 
taneously when 


r r 
Dik Si = my = ie (7) 
2 2 
where 
pee wae P 
Se SS) m,n = integers. 
Not nN 


A discontinuity introduced into the cavity and de- 
scribed by condition b) will not disturb these resonant 
plunger positions and the corresponding curves on the 
resonance diagram for the discontinuity will appear in 
unperturbed form (straight lines). The special cases 
mentioned are illustrative, and the discussion is not in- 
tended to be exhaustive. 

4) Sample Calculations of Resonance Data: To illus- 
trate the nature of the resonance curves to be obtained 
from the proposed cavity measurement, a set of D, S 
resonance data was computed for the following assumed 
simple network: a transformer directly coupling the two 
transmission lines [Fig. 4(a)]. The resulting curves, to- 
gether with relevant numerical values, are shown in 
Fig. 4(b) and serve to exemplify some of the remarks 
made earlier in this section. The curves are nonperiodic 
and pass through the fixed points defined by (5) and 
(6). The modal guide wavelengths chosen for the com- 
putations have a ratio of nearly 3:2, and since the trans- 
former coupling network is included in the class dis- 
cussed above some of the resonance curves are ap- 
proximately straight lines. In particular, the fourth 
curve of Fig. 4(b) satisfies approximately the condition 
that D+ S=Ngi=(3/2)Xgp. 


III. MEASUREMENT PROCEDURE IN 
CIRCULAR WAVEGUIDE 


A. Eu-Hou Mode Discontinutties. 


The measurement technique described above has 
been applied to the measurement of two-mode discon- 
tinuities coupling the Eo. and Ho modes in circular 
waveguide. For reference, the field configurations of the 
Eo: and Ho: modes are reproduced in Fig. 5. Most im- 
portant, both modes possess complete rotational sym- 
metry about the guide axis. The cutoff wavelengths , 
of the first ten (first seventeen, counting orthogonal 
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Fig. 5—Field patterns of the Eo. and Ha modes of circular 
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Fig. 4—Sample calculation of resonance data. 


polarizations) modes of circular waveguide are given in 
Table I. 

Discontinuities which may couple the Eo: and Ha 
modes to each other but to no other propagating mode 
in the waveguide may be obtained from the following 
considerations of symmetry. If the guide axis is an 
R-fold rotation axis for the discontinuity then, in view 
of the symmetry of an incident Ho; or Eo: mode, the 
scattered modes (Emn, Hn.) must have azimuthal mode 
indexes such that 


ee ER bee O12) lee, (8) 


It is desired that the discontinuity scatter into only two 
propagating modes, 7.e., the Eo. and Ho modes. On in- 
spection of Table I, it is seen that it is sufficient to take 
R>S5 and to restrict the guide radius-to-wavelength 
ratio such that the Eo: mode is cut off. In order to 


waveguide. 

TABLE I 
Mode r-/a* 
Hu 3.412 
Eo 2.613 
Hy 2.057 
Ho, Eu 1.640 
Ha 1.496 
Eo 1.223 
Ha 1.182 
Hy 1.178 
Eo2 1.138 


* \. is the cutoff wavelength and a is the guide radius. 


couple the Eo: and Ho modes to each other, the dis- 
continuity structures must not possess reflection sym- 
metry with respect to any plane containing the wave- 
guide axis. Typical shunt, 7.e., thin transverse, En-Ho 
discontinuities are illustrated in the upper right hand 
corner of the photograph, Fig. 6. 


B. Description of Measuring Equipment. 


Measurements of two-mode discontinuities coupling 
the Eo: and Ho: modes have been carried out at the 
S band of frequencies in 5.758” ID (Nominal 6”) cir- 
cular waveguide. A photograph and block diagram of 
the resonance measuring system are shown in Figs. 6 
and 7. The system comprises three main assemblies: the 
microwave source assembly, the frequency monitoring 
assembly, and the measuring cavity assembly. Only the 
cavity assembly will be described in any detail since the 
other units are composed of standard commercial com- 
ponents. 

The measuring cavity assembly consists of the cavity 
to be brought to resonance, a number of probes for 
sampling the electromagnetic fields in the cavity, and 
an amplifier system for the sampled signal. The measur- 
ing cavity, constructed in two half-sections, is based on 
a similar design by Sheingold.1! One half-section, shown 


_'L. S. Sheingold, An Experimental Investigation of the Trans- 
mission Properties of the Dominant Circular—Electric Mode, Cruft 
Lab., Harvard Univ., Cambridge, Mass., Tech. Rep. No. 167; 
September 1, 1953. 
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Fig. 6—Measuring cavity and typical Eo-Ho shunt discontinuities, 


in Fig. 8, consists of a length of brass pipe closed at one 
end by a contacting plunger, provided with a flange at 
the other end, and equipped with measuring and excit- 
ing probes; the other half-section differs only in that it 
has no provision for probes. Discontinuities to be meas- 
ured are inserted at the flange between the two halves 
of the cavity. The short circuiting plungers make con- 
tact with the guide walls by means of compressed wire 
gaskets woven on Monel alloy. Good contact is required 
to join the radial currents induced by the Eo: mode on 
the plunger face with the longitudinal currents induced 
on the guide walls. A hemispherical brass boss is cen- 
tered on each plunger face to accentuate the difference 
between the susceptances presented by the plunger to 
the Ey; and Ho: modes, which have the same cutoff 
wavelength (Table I). The difference in plunger sus- 
ceptance is the only feature causing the empty cavity 
to become resonant in these two modes at distinct 
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Fig. 7—Block diagram of the resonance measuring system. 
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Fig. 8—Cross-section of the measuring cavity. 


plunger positions. In the range of interest (frequencies 
lying between the Ho mode and the Eg, mode cutoff fre- 
quencies), the symmetrical boss does not couple the 
Eo, and Ho modes to each other or to any other propa- 
gating mode. The plungers are positioned by a precision 
drive screw with pitch 0.050”/revolution; an automatic 
revolution counter and vernier are attached. 

The probes employed are shielded magnetic loops; a 
mechanically interchangeable electric probe was also 
constructed. The probe mounted in one plunger face 
is connected to the source, and the plane of all loop 
probes can be rotated in position. A separate sub-as- 
sembly carrying a probe which, in addition, can be 
moved azimuthally through a 90 degree sector is also 
incorporated. 


C. Identification of Modes at Resonance. 


The measuring cavity may be brought to a resonance 
involving one or more of the propagating modes by an 
adjustment of either the frequency or the plungers. 
Resonance is indicated experimentally by maximum 
transmission from the source to a detector probe 
through the cavity. In the process of obtaining the 
Eoi-Ho1 resonance diagram, the pertinent resonances 
are easily identified by rotational symmetry of the com- 
bined modal fields. However, in the location of modal 
reference planes as described in the next section, it is 
necessary to distinguish between the Eo: and Hy: modes, 
themselves. The azimuthally movable probe provides 
the most direct way of identifying the circularly sym- 
metrical modes. The probe is responsive to the tan- 
gential magnetic field at the guide wall, and the absence 
or presence of any variation with azimuthal position is 
indicative of resonance in a symmetrical or nonsym- 
metrical mode, respectively. In order to distinguish 
Eo and Ho resonances in the empty cavity, one may 
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rotate the plane of the magnetic loop. A response for 
transverse orientation of the plane of the loop dis- 
tinguishes an H mode. 

Alternatiyely, the nondegenerate uncoupled modes 
in the empty cavity maybe distinguished by the change 
in the position of a cavity plunger necessary to restore 
the cavity to resonance for a small change 6d in source 
wavelength. The required fractional change 6(Z/\,) in 
the resonant plunger position is given, in view of the 
relations. 


dX NENG 
_ (=) and <= nN, Tae 1, 2, ? (9) 
dr r 9 
by 
Ih, 
s(~) N 
eee (), (10) 
5d OG 


where L is the length of the cavity at resonance. Com- 
parison of a measured ratio 6(L/\,)/6 with the right 
hand side of (10) computed for the various possible 
modes leads to the identification of the resonant mode. 


D. Calibration of Cavity for Effective Modal Short Circuit 
Positions. 


The data required for the analysis of the disconti- 
nuity are the electrical distances at resonance from the 
discontinuity plane to the generally not coincident 
modal short circuits in the Eo. and Ho: modes. The 
usual experimental procedure for the location of the 
appropriate reference plane combines an approximate 
mechanical with a precise electrical measurement. A 
flat short circuiting plate is attached to the flange of 
that section of the empty cavity containing the source 
probe. At the desired frequency, the plunger is moved 
until the cavity section is brought to resonance in the 
mode for which the effective short circuit position is to 
be determined, and the dial indication [designated by 
Dp in (11) below] corresponding to the cavity plunger 
position is noted. The precise distance from the short 
circuiting plate to the effective modal short circuit is 
then m\,/2, where \, is the corresponding guide wave- 
length. The integer 7 is determined from an approximate 
mechanical measurement of the cavity section length, 
or from (10). For the location of the analogous reference 
plane Sz in the second half of the cavity, one connects 
the second half to the first half, sets the plunger in the 
latter at position Dr and varies the plunger in the 
former until resonance is achieved. The reference plane 
locations Dr and Sp are required at every operating 
frequency and cannot be predicted from a single fre- 
quency measurement since the variation of the equiva- 
lent reactance of the plunger is not known. 

If Dand S denote the indicator readings for the reso- 
nant plunger positions taken during a measurement, the 
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Fig. 9—Experimental resonance diagram, spiral discontinuity. 


desired electrical distances 1,2.) and k;,.S in (3) are then 
replaced as follows: 


m2D = 2(D— Dr,,), oS = eio(S — Se,,), (11) 


where the subscripts 1,2 distinguish the two modes in 
question. 


E. Special Techniques and Experimental Results. 


Methods for recognizing when the cavity is resonant 
in the coupled (Eo, Ho.) modes, and the calibration 
procedure linking observed plunger positions D, 5 with 
the D, S values required in the computation of the dis- 
continuity have been presented; it remains to describe 
any special techniques and experimental difficulties re- 
lated to obtaining a set of D, S values and to exhibit 
typical experimental results. 

Although only three resonance measurements are 
needed, in principle, for the determination of the three 
parameters Yo, Ao, y specifying the Eo:-Ho1 mode cou- 
pling network, a precise evaluation employing an averag- 
ing scheme requires a larger number of data points. In 
practice, it is tedious to identify a given resonance as a 
desired one in the Eoi-Ho1 modes, as distinct from a 
spurious resonance arising from other propagating 
modes. A simpler procedure is to start from a known 
Eo1-Ho1 resonance, as, for example, from one occurring 


"at a fixed point Dg+n,/2, Srtmd,/2 [see (5) ], and to | 


track that resonance as D changes slightly, with a cor- 
responding compensation in S. It was found extremely 
helpful to record data points D, S graphically as illus- 
_ trated in Fig. 9 in the progress of measurement. 

_ When spurious mode resonances occur at nearly the 
same plunger positions as desired ones, the appreciable 
spurious mode amplitudes may influence the measure- 
ment in two ways: a) they may obscure desired reso- 
nances, and b) they may tune any small coupling due to 
asymmetries or other imperfections existing between 
network sections of Fig. 1(b), and thus appreciably 
affect the desired mode fields. Overlap of desired and 
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Fig. 10—Spiral Eoi-Ho mode discontinuity. 
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Fig. 11—Tangent curve for two-port in the discontinuity plane, 
(spiral discontinuity). 


spurious mode resonances is minimized by the high 
(loaded) Q of the measuring cavity. Plotting the ob- 
served data in the progress of the measurement aids in 
circumventing a). 

The experimental resonance diagram in Fig. 9 was 
obtained for the spiral Eoi-Ho1 mode discontinuity. 
This spiral discontinuity structure, shown in Fig. 10, 
consists of six symmetrically disposed logarithmic 
spirals which are defined by the requirement that, at 
every point, the spiral makes an angle of 45 degrees with 
a guide radius drawn through the point. This type of 
spiral was suggested by the fact that a small elliptical 
obstacle couples the Eo: and Ho. modes most strongly 
if placed with its major axis at 45 degrees to the unper- 
turbed Eo: and Ho: mode transverse electric fields. The 
measurements were carried out at 3.075 KMc corre- 
sponding to a guide radius-to-wavelength ratio, a/X 
—0.75. This resonance diagram illustrates the nature of 
the resonance curves and actually contains considerab'y 
more extensive data than that required for the deter- 
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mination of the discontinuity parameters. It may be ob- 
served that the resonance curves pass close to, rather 
than through, the “fixed points” computed from calibra- 
tion measurements. This may be attributed to the 
finite thickness of the discontinuity. 

From each point D, S on the resonance diagram, a 
point 2, A on the tangent curve for the network in the 
discontinuity plane may be computed via (3) and (11). 
Fig. 11 shows this result for points chosen from all the 
curves of Fig. 9; only data from the immediate neigh- 
borhood of the “fixed points” have been excluded be- 
cause of the thickness effect noted previously. The final 
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test of the internal consistency of the two-mode data 
was a precision analysis of the tangent curve,” which 
will be described briefly. Values A’ corresponding to 
measured values of 2 were computed from the tangent 
relation employing the parameters Zo, Ao, y listed on 
Fig. 11. The differences (A’—A) between the measured 
and computed values are a measure of the accuracy 
with which the parameters Zo, Ao, y represent the ex- 
perimental data or the internal consistency. For the 
data presented, the measure of accuracy, |A’ —A| /Ng2 
<0.005, is comparable to values attained in single mode 
precision measurements. 


Mode Couplers and Multimode 


Measurement Techniques* 
D. J. LEWIS} 


Summary—The measurement of harmonic and spurious signals 
in waveguide systems is complicated by the fact that one must usu- 
ally deal with a multimodal measurement. Since the energy may 
propagate in any mode consistent with the frequency and waveguide 
geometry, the measurement system used must discriminate between 
these different modes. 

A simple and direct approach to this problem is through the use of 
‘mode couplers’? which couple selectively to any desired mode. 
Theoretical and practical details for mode couplers for the first five 
modes in rectangular waveguide are presented, as well as the appli- 
cation and limitations of this measurement technique. 


INTRODUCTION 


HE measurement of spurious and harmonic sig- 
Blac in waveguide systems is usually complicated 

by the fact that one must work with a multimode 
system. The energy one wishes to measure can be propa- 
gated in every mode consistent with the frequency and 
waveguide geometry. For example, a 6000-mce signal in 
a standard S-band waveguide (314 inches) can travel 
in the TEyo, TE, TEo1, TEu, and TMu modes. The 
distribution of power among these modes will, of course, 
depend on how the guide is excited. 

To specify more exactly the nature of the problem, 
assume that the total power carried in an m-mode sys- 
tem is to be measured. To solve this problem n couplers 
are required, the output of each coupler being a linear 
function of the amplitude of each mode. Thus: 


E=kiM,+ ko.M.+ Vite Re dog « (1) 


* Manuscript received by the PGMTT, May 13, 1958; revised 
manuscript received, July 28, 1958. 

{ Inst. for Cooperative Res., The Moore School of Electrical Engi- 
neering, University of Pennsylvania, Philadelphia, Pa. 


A series of amplitude and phase measurements using 
these couplers will therefore yield the following set of 
equations: 


Ey = kuiMi + kieMe+ - ++ kijMy +--+ RinMn 

Ex = koM,+ kM - 

i. = RriMy, kM; 

En = RniM, Run il nc (2) 


Theoretically it should be possible to solve for the 
strength of the different modes from these equations 
but clearly, where more than two or three modes are 
involved, the solution of such a set of complex equations 
will be a tedious task. An alternative is to reduce the 
value of the cross-coupling terms k,; to a value so low 
that the output of each coupler is essentially dependent 
on only one mode. This approach also greatly simplifies 
the measurement technique since the need for phase 
measurements is eliminated. 


MopeE CouPLERS 


The basic mode coupler is shown in Fig. 1. It consists 
of two parallel waveguides mutually coupled through 
two small apertures. The signal to be measured is 
traveling from left to right in the lower or primary 
waveguide. The upper or secondary waveguide con- 
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tains a probe to extract the coupled power and a termi- 


. nation to eliminate reflections. The dimensions of the 


secondary waveguide are such that at the signal fre- 
quency only the TE: mode can propagate. 


SECONDARY GUIDE 7 COAX OUTPUT 


[ 


PRIMARY GUIDE 


REFERENCE 


DIRECTION OF PROPAGATION PLANE 


Fig. 1—Basic mode coupler. 


For the sake of simplicity the discussion will be re- 
stricted to the case of two modes of propagation having 
field strengths M, and M2 and phase constants $8; and 2, 
respectively. The phase constant of the TEi) mode in 
the secondary guide is Bo. The coupling apertures are 


_ identical and have field coupling coefficients k; for the 


My, and kz for the M2 mode. The aperture spacing is 1. 
To develop the coupling equations, we assume a refer- 
ence plane at the first aperture. Omitting the phase 
shift in the apertures, the forward coupled wave meas- 
ured at the probe which results from My; is then given by: 


Ej: = byMy[e-#! 4+ e780! e—i8oh (3) 


or 


(81 — Bo)l 


Ep | = 2kiM, cos (4) 


Similarly Ez the forward wave coupled from M2 is: 
Ey, = koM [eit +. e~iPot]e~ aor (5) 


and 


(B2 — Bo)l ; 


| E;2| = 2k2M 2 cos (6) 


Our objective is to design the system so that the probe 


~ output will be a measure of the strength of either Mi or 


~ Mz with a minimum of interference from the other. If 


we wish to sample Mi, the difference between the 
coupled waves is maximized by establishing the condi- 
tions: 


Ey. = 2kiM1 (7a) 
Ej = (7b) 
_ This requires that: 
(81 — Bo)l = 2nr (8a) 
(B2 — Bo)l = (2k + 1) (8b) 
n= 0; Loz * 


a s — 


k= 0,1,2,3-- 
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Eq. (8a) and (8b) must be satisfied simultaneously to 
meet the imposed conditions. Taking the ratio of these 
two equations, one can develop the necessary relations 
between the phase constants of the two modes in ques- 
tion and the phase constant {o of the secondary wave- 
guide as follows: 

2n 


(81 — Bo) 
= (9) 
(82 — Bo) 2k+1 
pain Dee 
ee pees) are 


n= 
bE 2 


The behavior of this ratio can be readily visualized with 
the aid of the normalized phase constant plots given in 
Fig. 2. It can be seen that for a given fp, to obtain the 
correct ratio for (9) one must pick the appropriate value 
of feo (the cutoff frequency of the TEi9 mode in the 
secondary guide). If J is then selected to satisfy either 
(8a) or (8b) (the other of course is automatically satis- 
fied) the coupler will have the desired characteristic 
of rejecting M2 while giving maximum response to M4. 
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Fig. 2—Normalized plots of phase constant as a function of frequency 
for three modes having cutoff frequencies feo, fa, and fre. 


The values selected for 2 and k& in (9) are quite arbi- 
trary. However, large values of m and & lead to greater 
aperture spacing. Since this results in smaller band- 
widths as well as greater physical dimensions, it is ad- 
vantageous to pick small numbers. A ratio of 2/3 in 
(9) was found satisfactory experimentally. 

If Bo is made equal to (1, then from (4) the coupling to 
M, will depend only on k. In this case, J is simply di- 
mensioned to satisfy (8b). This would not be a practical 
design for the TE1o mode, however, since the secondary 
guide would have the same dimensions as the primary 
guide. The secondary guide itself would then be capable 
of supporting each of the higher order modes asso- 
ciated with the primary guide. , 

It is evident from Fig. 2 that (8a) and (8b) can b 
satisfied only at the design frequency, fo. The variation 
of coupling with frequency is easy to picture, however, 
since the arguments of the cosine functions in the 
coupling equations [(4) and (6)] are proportional to the 
differences between the curves in Fig. 2. These differ- 
ences are plotted in Fig. 3 while the coupling corre- 
sponding to these curves is shown in Fig. 4. 

The mode selectivity can be defined as the difference 
in coupling between the desired and undesired modes. 
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Fig. 3—Variation of (61—£0)l and (82—fo)/ with frequency. 
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Fig. 4—Output as a function of frequency for the 
two modes, MM and M2. 
Therefore: 


| Ey1| 


S = 20 log ape (10) 
f2 
M, 


Substituting from (4) and (6): 
(81 — Bo)! 


COs 


k 
S = 20 log + 20 log (=). (11) 


2 


Typical curves of S are shown in Fig. 5. 

The second term in (11) is the contribution to the 
mode selectivity which arises from the difference in 
coupling of two different modes to a given aperture. 
For example, a narrow slot will couple strongly to any 
mode which has a magnetic field component parallel to 
the slot and weakly to modes whose H fields are perpen- 
dicular to the slot. This approach has been investigated 
by Judy and Angelakos [3] in connection with the de- 
velopment of mode selective directional couplers. Their 
results were used extensively in the design of the cou- 
pling aperture of the mode couplers. 

The total mode selectivity, then, is a function of two 
different mechanisms, one depending on the field con- 
figuration of the mode, and the other on the phase 
constant or velocity with which the mode propagates. 
By choosing the correct combination of aperture geom- 
etry, aperture spacing, and secondary waveguide di- 
mensions, one may achieve a considerable degree of 
mode selectivity. 

For example, suppose a pair of longitudinal slots in 
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Fig. 5—Mode selectivity as a function of frequency. 


the center of the broad face of the waveguide are used 
as the coupling apertures. Because of their location at a 
point of minimum longitudinal magnetic field, the slots 
will not couple to TE10, TMu, or TEn waves. They will 
couple to TEx) and TEs, modes. One may then choose 
the slot separation / and the secondary guide phase con- 
stant Bo to reject either the TEo: or TE2 9 mode. The 
coupler will then couple to only one mode out of the 
five possible in the primary guide. Unfortunately, there 
is no guarantee that one will be able to eliminate all the 
undesired modes in any given case. It may also be 
noted that the couplers may produce mode conversions 
in the primary waveguide. In the example above the 
longitudinal slots will couple TE into TEx or TEx 
into TEo; in the primary guide as well as coupling either 
of these modes into TE; in the secondary guide. How- 
ever, this mode conversion will be a minor effect as long 
as the total power coupled from each mode is small. 


Multthole Couplers 


Following standard coupler theory [6] it can be 
shown that if the coupler has m coupling apertures whose 
coupling coefficients have a binomial distribution, then 
(4) can be written as: 

(81 — Bo)l 
2 

(B2 — Bo)l 
2 


| En| = 2k:My cose) (12) 


| Epo | = 2koMy cos—) (13) 


Substituting into (10), the equation for mode selectivity: 


(81 — Bo)l 


COS 


k 
S = 20(n—1) log + 20 log (14) 
2 


(82—Bo)l 
2 


COS 


It can be seen that the mode selectivity can be increased 
by using multihole couplers. 


Negatively Traveling Waves 


The coupling equations, (4) and (6), were derived on 
the assumption that the signal was traveling to the 
right. A wave traveling to the left will result in an out- 
pu: 


Ey! = ki MyeioUft 4 e-i@ot8d4) (15) 
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for M, or 


| Ey! | = kM’ co 


(Bo + Bil 
—— (16) 


and 


| Ey2| = eM! cos (17) 


(Bo + Ba)l 
2 

for Mz. It is apparent that in general both of the back- 

ward traveling waves will appear at the output terminal. 

Since this will seriously interfere with the measurement 

of the forward wave, reflections from the load must be 

held to a minimum. 


Error Considerations 


In using the couplers one may simply ignore the ef- 
fects of the cross-coupling when making a set of meas- 
urements. Since the mode selectivities cannot be infinite, 
this procedure will result in some error. A relationship 
between the mode selectivity and this error is of con- 
siderable interest. 

To develop the error equation we start with (2). The 
first equation is divided by ku, the second by kos, and so 
on, giving: 


2 rye baa oad, eel A 
Ry Rix Rit ki 
By, k 
ec (eT op ee! ee 
Ro» Ro» 
15. Rr hej Ren 

= Mae te M; - M, 
pe be ey = ae 
1S Rn 

= M+ Afar cls) 
an Ran 


- Now E,/k;,, is the apparent value of M, obtained with 
the rth coupler when the cross-coupling is neglected. 
For a 5-mode system, the error in the over-all power 
measurement which will result when the interference is 
neglected will be: 


r=1 Rep 
ddb = 10 LOS ee ‘ 


> [44 |’ 


(19) 


This states that the error 6 is 10 times the log of the 
ratio of the apparent power to the true power. Substi- 
tuting from (18) this becomes: 
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(20) 


The maximum error will occur when the coupling coef- 
ficients k,, have the same value for all 7, when the cross- 
coupling coefficients k,; have the same value for all r andj, 
and when the modes are of equal amplitude. Eq. (20) 
then reduces to: 


hj 
5db = 20 log | ee pee | (21) 
or, setting hers / Ree | Vie 
5db = 20 log (1 + 45). (22) 


Since s is complex, the maximum value of 6 will be ob- 
tained when s is a negative real number. 


5 max = 20 log (1 — 4|s]|). (23) 


If the s values and M’s are different instead of being 
equal, the situation is more complicated, but it can be 
shown that the maximum total error will always be less 
than 6 max [assuming of course that the maximum 
value of s is equal to the value of s in (22) ]. 

A more realistic case is obtained by assuming that 
for each coupler only one mode causes serious interfer- 
ence, and further that each mode causes interference 
only once during a set of measurements. If all the s’s are 
again equal, then: 


6 max = 20 log (1 — s). (24) 


These two curves of maximum error are plotted in 
Fig. 6 asa function of S, the mode selectivity where: 


S ==, 20 logs. (25) 


The needed mode selectivity for any desired degree of 
accuracy can be obtained directly from these curves. 
In practice, the error will usually be much less than indi- 
cated by Fig. 6, since this represents the worst possible 
case. 

The error curves of Fig. 6 can be used to specify the 
return loss required of the load. Eqs. (16) and (17) show 
that in the worst possible case the reflected waves will be 
coupled exactly as strongly as the desired incident mode. 
If the return loss for a given mode is 20 db, then the ef- 
fective mode selectivity for that mode will be 20 db. 
Therefore, one may relabel the S axis of Fig. 6 as return 
loss and obtain a direct relation between the quality of 
the load and the worst error it can introduce. 

If the amplitudes of the individual modes are to be 
found, the mode selectivity requirements become more 
severe. Reference to (18) shows that the error depends 
on the relative strength of each mode as well as the 
mode selectivity of each coupler. Fortunately, the 
largest error is always made in connection with the 
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INTERFERENCE FROM FOUR MODES 
IN EACH MEASUREMENT 


INTERFERENCE FROM ONE MODE 
IN EACH MEASUREMENT 


(o) | I 
0) 10 20 


40 
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Fig. 6—The maximum error in the measurement of total power 
when the mode interference is ignored. 


measurement of the weakest and therefore least sig- 
nificant mode. 


Experimental Models 


Three typical mode couplers are shown in Figs. 7 
through 15. In each case the primary guide was a length 
of standard S-band waveguide. The secondary guide is 
fabricated from sheet brass. Note that because the 
secondary guide is operated much closer to cutoff than 
normal, special attention must be given to the design of 
the probes, terminations, and bends used in this guide. 
The coupling aperture used in the couplers is a slot 0.75 
inch long by 0.1 inch wide. 

The curves of coupling and mode selectivity show 
rather good agreement with the theoretical predictions. 
Mode selectivities ranging from 15 db to greater than 
30 db were obtainable over a 200-mc bandwidth. The 
frequency of maximum selectivity for the couplers was 
within 1 per cent (or about 50 mc) of the design fre- 
quency in every case. 


A pplication of the Couplers 


It has been pointed out that for second harmonic 
measurements five couplers, one for each mode, will 
berequired. For third harmonic measurements one 
would evidently require 11 couplers, and so on, with 
the required number of couplers increasing rapidly with 
the order of the harmonic. Clearly a point is very 
quickly reached where the complexity and expense of 
such a system would make practical application out of 
the question. Furthermore, with the techniques out- 
lined thus far, there is no way of rejecting an arbitrarily 
large number of modes. The problem is further com- 
plicated by the existence of degenerate modes. These 
modes can only be separated by means of aperture 
selectivity, since mode selectivity based on differences 
in phase constants obviously cannot be obtained. 

Fortunately, the number of modes which actually 
propagate is often considerably less than the number 
theoretically possible. As an example, an idea sym- 
metrical coax to waveguide adaptor (consisting of a 
waveguide with a perpendicular probe in the center of 
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Fig. 7—TEnto coupler. 
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Fig. 8—TEjo coupler. Experimental curves of coupling as a function 
of frequency for the TEy0, TEu, and TMu modes. Coupling to the 
TE and the TE29 modes was less than 70 db. 
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Fig. 9—TEio coupler. Mode selectivity as a function of 
frequency for the TMu mode. 


the broad face) when operating at a second harmonic 
frequency excites TEn, TMu, and TE, but does not 
excite TEo and TEo: although both of these latter 
modes could propagate. This is due to the mechanical 
symmetry of the device. Only three couplers will be 
required to measure the second harmonic modes ex- 
cited by such a probe. Since this type of adaptor is 
common in microwave circuits, these three couplers will 
handle a wide variety of such specific problems as the 
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Fig. 10—TMnyu coupler. 
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Fig. 11—TMnu coupler. Experimental curves of coupling as a function 


of frequency for the TMu, TEn, and TEio modes. Coupling to the 
TEo: and TE2 9 modes was less than 70 db. 
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Fig. 12—TMnu coupler. Mode selectivity as a function 
of frequency for the TE:o modes. 


measurement of the second harmonic output of mag- 
netrons. The three couplers of Figs. 7 through 15 were 
designed for this application. 

The results of a series of second harmonic measure- 
ments on an RK5586 magnetron with a set of five cou- 
plers are shown in Fig. 16. These curves were obtained 
_ by measuring the power in each mode as the magnetron 
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Fig. 13—TEn coupler. 
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Fig. 14—TEn coupler. Experimental curves of coupling as a function 
of frequency for the TEn and TEio modes. Coupling to the TMn 
and TE29 modes was less than 70 db. Coupling to the TEo: mode 
was approximately constant at 30 db. 
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Fig. 15—TEn coupler. Mode selectivity as a function 
of frequency for the TEio mode. 


supply voltage was varied. The magnetron was operated 
at 2800 mc at a pulse repetition rate of 1000 PPS witha 
1-usec pulse length. The termination used was a stand- 
ard S-band dummy load which had a VSWR ranging 
from less than 1.05 for the TE1p mode to a maximum of 
1.1 for the TE: mode. The measurements were made 
directly at the output of the coax to waveguide trans- 
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Fig. 16—Second harmonic average power content in the 
TE, TEx, TEa, AN Dat and TMu modes. 


ducer used with the 5586 magnetron. Evidently the con- 
centration of power in the TEn, TMu, and TEi9 modes 
is due to the symmetry of this transducer. 

The couplers used to obtain the curves of Fig. 16 were 
adapted for use in a pressurized system. However, at the 
power levels involved (500 kw) arcing was not a problem 
and pressurization was not used. These measurements 
were made by Dr. Pietro Lombardini [7]. 
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CONCLUSIONS 


| 
| 
| 
/ 
| 


Experimental models of the mode couplers indicate | 
that mode selectivities of the order of 30 db or greater | 


over bandwidths of 200 mc or greater are obtainable in 
simple two-hole couplers. Degenerate modes pose a 
special problem and may result in substantially lower 
selectivities. As many as four modes can be simultane- 
ously rejected while coupling strongly to a fifth. The 
application of these couplers seems limited to systems 
in which the number of propagating modes is small, but 
within this limitation they provide a quick and coven- 
ient power measurement technique. 
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Measurement of Harmonic Power Generated 


by Microwave Transmitters* 
VERNON G. PRICET 


Summary—A measurement technique is described that can be 
used to determine quantitatively the power levels of the higher order 
modes propagating in a straight, lossless, rectangular waveguide. 
The technique employs a number of small calibrated electric probes 
which are fixed on the broad and narrow walls of the waveguide 
measurement section to sample the electric fields within. The method 
used to calibrate these probes is briefly discussed, and information 
on accuracy and limitations of the probe technique is presented. Some 
measurement results on the power levels in the modes of the second 
and third harmonic frequencies in the outputs of high power S-band 
magnetrons and klystrons are presented. 

The multiple-probe technique has reduced the time required to 
take measurements at a given frequency to about one-half hour. An 
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automatic computer has been programmed to perform all of the re- 
quired mathematical operations and has reduced the computation 
time to less than one-half hour for each measurement frequency. 


INTRODUCTION 


N recent years several workers have advanced 

methods of measurement of the harmonic frequency 

power in the output of microwave tubes. Interest 
in these measurements has been stimulated to a large 
extent by the acute problems of radio interference be- 
tween microwave systems which can result from un- 
wanted radiation of harmonic frequency energy. How- 
ever, measurement of this power is complicated by the 
fact that harmonics in waveguide lines may propagate 
in many different modes which are convertible one to 
another by the presence of obstacles or ports. This paper 
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presents one of the possible techniques for measurement 


of the powers in higher order modes at harmonic fre- 


quencies in waveguides. To accomplish this measure- 
ment, a number of small, fixed electric probes are located 
on the walls of a waveguide measurement section to 
sample the electric field within. From each of these 
probes a measurement of relative phase angle and abso- 
lute power output is made with a frequency selective 
microwave receiver tuned to the particular harmonic 
(or spurious nonharmonic) frequency of interest. It is 
necessary, of course, that each probe and its associated 
cabling be calibrated so that a measured power output 
level will correspond to a calculable value of electric 
field within the waveguide. From this measurement of 
probe output power and relative phase angle, one can 
compute the power level in each of the modes which are 
above cutoff at the measurement frequency. 

The mathematical analysis underlying the present 
technique is identical with that presented by Forrer 
and Tomiyasu,!? although the laboratory procedures 
are different. For example, they used a sliding electric 
probe on the broad wall of a section of waveguide which 
they positioned in both the transverse and longitudinal 
dimensions to sample the electric fields within. The 
sliding probe, while electrically simple, is cumbersome 
to employ, and avoidance of voltage breakdown under 
high power was difficult. To avoid arcing, they found it 
necessary, in fact, to turn off the high power source each 
time the sliding probe was moved to a new position. 
This procedure not only was time consuming, but it 


-also gave rise to possible inaccuracies, because it was 


not certain that the source when turned on again at 
each new probe position would be operating as it was 
during the previous position. 

In the technique used by Lewis,’ a direct measurement 
of the power in higher order modes is possible by the use 
of a set of calibrated mode selective couplers. With this 
method, Lewis was able to measure the power of five 
higher order modes at the second harmonic of an S-band 
signal. It probably would be difficult, however, to design 
a set of mode couplers which could be used for measure- 
ments in which dozens of higher order modes are propa- 
gating. In the use of the multiple probe technique, 
on the other hand, it has been possible to measure the 


- power in eleven modes at a third harmonic frequency 


of an S-band signal with good accuracy. Measurements 
at a frequency in which twenty-five modes propagate 
can be made with reduced accuracy. In addition, it is 


possible to measure all of the quantities necessary to 


- determine the modal powers in only a few minutes at 


“any one frequency as contrasted with several hours 
required in the sliding probe method. 


1M. P. Forrer and K. Tomiyasu, “Effects and measurement of 
harmonics in high power waveguide systems,” 1957 IRE NATIONAL 


CoNVENTION RECORD, pt. 1, pp. 263-269. SOF . 
2M. P. Forrer and K. Tomiyasu, “Determination of higher order 


propagating modes in waveguide systems,” J. Appl. Phys., vol. 


29, pp. 1040-1045; July, 1958. 


3D. J. Lewis, “Mode couplers and multimode measurement tech- 


| niques,” this issue, p. 110. 
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In the following paragraphs, a brief outline is pre- 
sented of the measurement method used. The technique 
employed in calibration of the probes is discussed, and 
the results of some high power tests are presented with 
an estimate of the measurement accuracy. 


OUTLINE OF MEASUREMENT TECHNIQUE 


The electric probe method is based on the fact that 
one can determine the maximum number of modes in 
which a signal might propagate in a waveguide at each 
frequency of interest. A chart of the cutoff frequencies 
for two waveguide sizes is given in Fig. 1. For example, 
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Fig. 1—Chart of mode cutoff frequencies for 
(a) S-band and (b) L-band waveguides. 


in WR-284 waveguide, a signal at 5 kmc could propagate 
in the TEyo, TE20, TEo, TMu, and TE: modes but no 
others. With this knowledge, one can make an analysis. 
The analysis requires that depending on the modal com- 
plexity, measurements must be made at a number of 
prescribed locations on the waveguide walls. An illus- 
tration of a WR-650 waveguide section with its probes 
in position is shown in Fig. 2. In general, the minimum 
number of probes required is slightly more than the 
number of modes which can propagate at a given fre- 
quency. For example, the number of probes required at 
each broad-wall cross section is equal to the highest m- 
index to occur for a propagating mode. Similarly, the 
number of probes required at a cross section on the 
narrow wall is equa! to the highest #-index to occur for a 
propagating mode. Thus, to measure the TEn and TM, 
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modes, one needs at least seven equally spaced broad- 
wall probes and three equally spaced narrow wall 
probes. The number of measurement cross sections re- 
quired is determined by the following relationships: 


Number of broad-wall cross sections = 1 +Mmax(1) 
Number of narrow wall cross sections = 1+7/max(1) 


where %max(1) is the maximum z-index to occur in a 
propagating mode whose m-index is unity and max(1) 
is the maximum m-index to occur in a propagating mode 
whose n-index is unity. Thus, if the TE7 mode were 
propagating, probe measurements would need to be 
made at eight narrow wall cross sections. Also, if the TEi3 
mode were propagating, probe measurements would 
need to be made at four broad-wall cross sections. 


“OUTPUT FLANGE ATTACHES 
MULTIMODE LOAD~ 


Fig. 2—Illustration of a probe section fabricated 
in WR-650 waveguide. 


The probes at each cross section protrude only a few 
mils into the waveguide for minimum perturbation of 
the fields; hence, one can assume that the electric field 
amplitude of each mode will vary as a sine function over 
the cross-sectional dimension of the waveguide. Under 
this assumption, one can use the principle of numerical 
Fourier analysis to determine the values of the electric 
field phasors at each probe position. If these phasors are 
separated into their real and imaginary parts and re- 
ferred to one cross section, one can write a set of linear 
equations, the solution of which gives the desired values 
of electric field intensities for each of the modes of in- 
terest. The power in the modes may then be computed 
readily by integrating Poynting’s vector over the wave- 
guide cross section. 

This mathematical computation is quite time con- 
suming even for just a few modes. To reduce the com- 
putation time, a program has been written for the IBM 
650 and 704 computers to perform all of the required 
steps once the experimental data is obtained. It has been 
found possible to compute the power in 44 modes at 
the fifth harmonic of an L-band source in less than 
twenty minutes, including punching the input data 
cards and the solution print-out. 
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A block diagram of the apparatus used to measure 
the absolute power and relative phase angle at each 
probe is shown in Fig. 3. Coaxial switches are used to 
connect the probes to the measurement set. 
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Note: Filters Select 


Filter Desired Harmonic Frequency 


Constant Phase 
Attenuator 


Phase Shifter 
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Fig. 3—Simplified block diagram of phase and 
amplitude measurement equipment. 


PROBE CALIBRATION PROCEDURE 


The function of the probes is to sample the electric 
field at various prescribed locations on the waveguide 
wall. The magnitudes and relative phases of the electric 
fields at the probes are quantities from which the power 


levels of the several propagating modes of interest may _ 


be computed. However, since the magnitude of the 
electric field at a probe is determined by a measurement 
of the power output at the end of its connecting cable, 
it is necessary to find the relationship between the elec- 
tric field £; at the ith probe and this power output, P,. 
The relationship may be expressed by the equation 


t 


[alt= 
Ci 


(1) 


where C; is the probe coupling coefficient which is 
unique to the zth probe. 

To evaluate C; experimentally, a measurement of P; 
is made for each probe with a known value of | E,| due 
to a single mode propagating in the probe section. In 
order to establish a known value of | Z;|, a single mode 
at the desired harmonic frequency is launched into the 
probe section and, to insure only forward propagating 
modes, a suitable multimode load is used. To calibrate 
the broad-wall probes, the TE,) mode is used and is 
launched by means of a very gradual waveguide transi- 
tion. The power in this mode flowing in the z-direction is 
given by 


W ,TE10 = GTB. | Emax? £10 |2 (2) 


where |Emax™10| is the maximum amplitude of the 
electric field of the TE1) mode and GT is a calculable 


, 


t 


, 
9 
> 


$ 


“into (1) to get an expression for the electric field |; 
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quantity defined in the following equation: 
a®beof . 4/3 a 2 
2c (=) 


a =broad-wall dimension of waveguide, 
b=narrow wall dimension of waveguide, 
€) =free space dielectric constant, 
c=velocity of light, 

f.= cutoff frequency for TEio mode, 
f=operating frequency. 


GTEw = 


(3) 


where 


In the mathematical analysis, it is assumed that the 
broad-wall probes at each cross section are spaced at p 
equal intervals across the waveguide walls. Therefore, 
the power output of the 7th probe due to the calibrating 
mode is given by 


in 


Poe ~~ C;| i Does . sin? aes (4) 

Solving (2) and (4) for | Emax? =10| and equating yields 
GTE1 

C; = (5) 


iT 
digg sin? (=) 
p 


where L;= W,T2"/P;7™ is the insertion power ratio of 
the ith probe. This ratio is determined for each broad- 
wall probe by using an RF substitution technique. 

The value of C;, given by (5), may now be inserted 


at a probe: 


ie sin? (=) 
mL Pane aby 


GTE10 


| E; (6) 


Eq. (6) is used for the measurement of the electric 
fields on the broad wall, and a similar equation is used 
for the narrow wall probes. In the latter case, a single 
TE, mode is launched into the probe section with suit- 


able termination to provide the desired calibration in- 


a, 


formation. 

The mathematical analysis requires that measure- 
ments be made of the probe power outputs as well as 
the relative phase angles from one probe to another. 
Therefore, it is necessary, as part of the calibration 
procedure, to measure the relative phase angles of the 
probes and their attached cables and switches when a 


single TE:o or TEo1 mode is launched into the probe 
section. During fabrication of the probe section, every 
attempt is made to make the length of the cables at- 
- tached to each probe the same. However, it is not prac- 


a 


PATI 


tical to make the electrical lengths of these equal to mr 
with tolerances closer than about +10 degrees. Hence, 


during the phase calibration procedure, the exact elec- 


ie 
F 
F 
; 


trical length of the lines to each probe (to within +0.5 
degree) is measured and recorded. 
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MEASUREMENT RESULTS 


The harmonic output powers of two types of S-band 
tubes were measured. These types were a 4.7-megawatt 
S-band magnetron and a 1.3-megawatt S-band klystron. 
In these tests the tubes were operated at the electrode 
voltage ratings and drive conditions recommended by 
their manufacturers. If the tubes are measured when 
operating at lower or higher values than those recom- 
mended, it has been observed that the harmonic con- 
tent can change by a large amount. Table I is a tabula- 
tion of the harmonic power output of an S-band klystron 
and magnetron. In the tubes tested, no directed efforts 
were made to reduce the harmonic frequency outputs 
of the tubes. 


TABLE I 
HARMONIC POWER OUTPUT 


S-Band Magnetron | S-Band Klystron 


Fundamental 4.7 Megawatts 1.3 Megawatts 
Ex (0-db reference) (0-db reference) 
2nd Harmonic 
TE; 105 watts 23 watts 
TEx a 6 
TE — 6 
TEu — 13 
TMn 25 60 
Total 2nd harmonic 130 watts 108 watts 
power (—45.5 db) (—41 db) 
3rd Harmonic 
TE; 4356 watts 4 watts 
TE20 24 — 
TE30 6036 — 
TEs 22 -- 
TE 1 5 
TEn il 1 
TE 2 — 
TEx 10 1 
TMu 6 1 
TMa 6 a. 
TMs 15 a 
Total 3rd harmonic 10 ,485 watts 12 watts 
power (—26.5 db) (—50.4 db) 


LIMITATIONS AND ACCURACY 


While the multiple probe technique allows one to de- 
termine the power levels of a large number of modes in 
a waveguide, it does have some limitations. As the modal 
order increases, so does the order of the determinant 
that must be solved; therefore, the number of modes one 
can measure is limited both by the storage capacity of 
the computer available and by the large errors that can 
occur in the solution of high-order determinants even 
for small errors in the probe readings which supply the 
experimental data for the determinants. The order of the 
determinants to be solved is related to the mode indices 
by the following: 


Order of determinant for broad wall = 2[1 + Mmax(1) | 
Order of determinant for narrow wall = 2[1 + Mmax(1) |. 


Or, the order of determinants is twice as great as the 
number of cross sections required to evaluate the modes 
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are repeatable within +2°. This repeatability is pos-| 


at any frequency. Thus, to evaluate the modes which 
sible even though the high power tubes are operated | 


may propagate at 8500 mc in WR-284 waveguide, de- 


terminants of order as high as eight must be solved for 
the narrow wall probes and determinants of order as 
high as four must be solved for the broad-wall probes. 
If one wished to measure the power in the modes at 
7000 mc in WR-650 waveguide, however, determinants 
of order as high as sixteen would need to be solved, and 
it is with determinants of this size that large errors can 
occur in the computed modal power for slight inaccura- 
cies in measurement of probe outputs. It is not likely 
that this is a basic limitation of the electric probe tech- 
nique, but rather of the particular computer program 
written to carry out the mathematical operations. The 
inclusion of redundant experimental data having finite 
accuracy into a computer program designed to accom- 
modate it might make possible accurate measurement 
of a large number of higher order modes. 

It is of importance to consider the accuracy, repeat- 
ability, and resolution of the apparatus needed to make 
the measurements with the probe technique. A deter- 
mination of the accuracy of the results has been made 
by launching a TEs9 mode with good single mode purity 
and known power level into the probe measurement sec- 
tion and its multimode load. The outputs from each 
probe were measured and the data were reduced with an 
automatic computer. The measured power input was 
201 milliwatts, while the power as indicated in the 
computer results was 196 milliwatts in the TE2 9 mode, 
1.5 milliwatts in the TE;) mode, and a few microwatts 
in other propagating modes. 

Experience with measurements of the harmonic out- 
put of a number of high power tubes has shown that, if 
the environmental conditions are unchanged, the power 
levels measured at each probe are repeatable within 
+1 db, while the phase angles recorded at each probe 


under pulsed conditions. An analysis was made of the} 
change in reported modal power in the computer results: 
if the data input to the computer were altered in random 
manners with changes in both probe powers and probe ‘| 
phase angles. As a result of a series of tests with random 
variations in the data, the probable modal power levels ; 
reported for the magnetron and klystron are within 
+10 per cent of their true values. Under the ideal 
conditions obtained during calibration operations, the | 
measurement apparatus itself is capable of resolving 
changes of +0.1 db and +0.5 degree of phase angle. 


CONCLUSIONS 


A method of measurement of the harmonic power in 
rectangular waveguide has been presented which has 
some advantages over other techniques for higher order 
mode measurement. The use of multiple probes on the 
waveguide walls, as contrasted with the sliding probe 
of Forrer and Tomiyasu, has proved to be mechanically 
superior and has reduced the time required to obtain 
the experimental data to less than a half hour at each 
frequency. It is probable that more modes could be 
measured with the multiple probe technique than with 
the method of Lewis. The procedure used to calibrate 
the probes with known signals was discussed and com- 
parison was made of the power levels in the harmonics 
of high power S-band magnetrons and klystrons. Some 
of the limitations and an estimate of the accuracy are 
included. 
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Tunable Passive Multicouplers Employing 


Minimum-Loss Filters* 
J. F. CLINE} anv B. M. SCHIFFMANt 


Summary—Several multicoupler techniques are described for 
operating twenty or more UHF transmitters and receivers simul- 
taneously with a single localized antenna system. The types of multi- 
couplers considered include the simple parallel-connected filter type 
and several distributed-line types, in which the individual branches 
are separately tuned. The filters used are of the symmetrical, narrow- 
band, direct-coupled resonator type, designed to obtain minimum 

_ center-frequency insertion loss for a given insertion loss in the adja- 
cent channels. Design formulas are given for these filters, and char- 
acteristic response shapes are presented. The extra-channel suscept- 
ance, which is the principal factor limiting the number of channels 
obtainable in a single multicoupler, is discussed in terms of the input 
coupling coefficient, the resonator parameters, and the lengths of the 
connecting lines. 


INTRODUCTION 


HE NUMBER of antennas that can be accommo- 
dated in a given air, sea or ground-based installa- 
tion is limited by considerations of space restric- 
tions, mutual disturbance of radiation patterns, and 
intercoupling of signals. In certain complex electronic 
systems now in existence and in others being planned, 
the large number of individual transmitters and receiv- 
ers makes it impossible to satisfy the system require- 
ments by a multiplicity of antennas alone, and, there- 
fore, special multicoupler networks involving filters and 
other components are necessary to permit the sharing 
_of antennas by groups of receivers and transmitters. 
This paper has evolved from a study program cover- 
ing several aspects of multicoupler design. The multi- 
couplers considered here consist of minimum_-loss 
narrow-band filters connected together in different 
ways. The basic assumptions are that the number of 
branches is large, i.e., twenty or more, while the pass 
band of each branch is small in comparison with the 
minimum channel separation. A typical application is 
- found in the 225 to 400 mc band, with a minimum chan- 
nel spacing of 2 mc, an adjacent channel isolation of 60 
db, a channel-center loss of 1 db or less, and a pass band- 
width sufficient for typical AM, SSB, or NBFM 
speech modulated signals. 
The problems considered here include the design of 
the minimum-loss filters, the manner of their intercon- 


* Manuscript received by the PGMTT, June 153, 1958; revised 
manuscript received, August 29, 1958. The work on which this paper 
is based was conducted at the Stanford Res. Inst., Menlo Park, 
Calif., under the sponsorship of AF Cambridge Res. Center, under 
~ Contract AF 19(604)-2247. The measurements illustrated in Figs. 12 

and 13 were conducted under the sponsorship of the U. S. Navy 

Dept., Bureau of Ships, under Contract NObstr-72765. 

+ Stanford Res. Inst., Menlo Park, Calif. 

t Varian Associates, Inc., Palo Alto, Calif. 


nection, and their effects upon each other from the 
standpoint of the impedance matching problem. Since 
these mutual effects involve both the interconnection 
scheme and the filter design, these two topics must be 
considered simultaneously. Fixed-tuned, complemen- 
tary-filter multicouplers are not considered here; in- 
stead, the emphasis is on the type of multicoupler in 
which separate narrow-band channels are independently 
tunable. Since it may be necessary to change the center 
frequencies of the individual channels frequently, the 
preferable method for avoiding excessive impedance 
mismatch in the multicoupler is to design each branch in 
such a way as to introduce a minimum of mismatch, 
rather than to use a matching scheme that involves 
mutual adjustments of two or more channels at once. 


MULTICOUPLER NETWORK CONNECTIONS 


In all of the figures, the letters A, LS, R, and T are 
used to represent antennas, line-stretchers, receivers, 
and transmitters, respectively. Most of the diagrams are 
drawn under the assumption that the transmission line 
sections are of the coaxial or strip-line variety and that 
the resonant or anti-resonant devices, including those 
within the filters, are coaxial resonators. However, the 
waveguide or wire-circuit counterparts may be con- 
sidered in situations where those techniques are ap- 
plicable. The results of the filter analysis given in the 
following section apply equally well to the RF and the 
microwave regions, since they are expressed in terms of 
such basic quantities as the loaded and unloaded value 
of Q, the coupling coefficient, the normalized frequency 
displacement, and the insertion loss. 

Fig. 1 shows two possible multicoupler arrangements. 
The symbol S represents a two-position switch. Symbols 
having the same subscript represent parts operating on 
a common frequency. In the circuit at the left, the isola- 
tion between the channels is provided entirely by the 
filters in the multicoupler, on a frequency difference 
basis. In the circuit at the right, additional isolation is 
provided by the two-port antenna system, on the basis 
of either phase cancellation or field orientation. In gen- 
eral, an antenna system having any number of ports 
greater than unity can be used in this application. An 
example of a three-port microwave antenna system of 
this type is described by Honey and Jones.* 


1 R. C. Honey and E. M. T. Jones, “A versatile multi-port biconi- 
cal antenna,” 1957 IRE NationaL CONVENTION RECORD, pt. 1, pp. 
129-137. 
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Fig. 1—Two possible antenna-multicoupler systems. 


Ta Ro Rs | 


BANDPASS 
FILTER 
TUNED TO f, 


|_| RECEIVER 


CONDUCTANCE 
L BANDPASS 
Nove | EILTERS fe) RECEIVER 
TUNED TO fp 
SUSCEPTANCE 


BANDPASS 
FILTER 
TUNED TO f, 


/ 


BRANCH ADMITTANCES 
FOR f=f, 


| | RECEIVER 


Fig. 2—Parallel-connected multicoupler. 


Fig. 2 illustrates a common-junction parallel-con- 
nected multicoupler. The admittance, looking from the 
left into the common junction, is measured at the fre- 
quency f:, which is the center frequency of the upper 
branch. The input admittance of the upper filter at this 
frequency is a conductance approximately equal to the 
characteristic admittance of the connecting lines. The 
other filters appear as small susceptances, the values of 
which, in general, are increased considerably by the 
effects of the short connecting lines between the 
junction and the filters. The sum of these extra-channel 
susceptances appearing at the common junction pro- 
duces an admittance mismatch at this point. This mis- 
match is the principal factor limiting the number of per- 
missible branches in the multicoupler. It can be reduced 
by shortening the connecting lines, improving the junc- 
tion design, and by applying the usual compensation 
techniques, but it cannot be eliminated entirely over 
a whole band of frequencies. 

Figs. 3 through 6 show several ways of connecting 
filters in a distributed fashion along a transmission line. 
In Fig. 3, L.Sy is adjusted so that the admittance look- 
ing toward the right from the Nth junction is as near 
zero as possible at the operating frequency of Ry and 
Ty. At the same frequency each of the other filters 
looks like a small capacitance, which can be com- 
pensated locally. Once L.Sy has been adjusted, LSy_; is 
then adjusted so that the admittance looking toward 
the right from the V—1 junction is as near zero as pos- 
sible at the operating frequency of Ry_1 and Ty-_,, etc. 

A possible circuit-packaging arrangement for the 
different sections in Fig. 3 is suggested in Fig. 4, where 
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Fig. 6—Circuit employing isolation resonators only. 


the entire diagram represents a single section of Fig. 3. 
Three line stretchers are used instead of one, and two of 
the line stretchers are gang-tuned together with the 
band-pass filter. This makes each section nearly inde- 
pendent of the others as far as tuning is concerned. The 
third line stretcher is adjusted separately, depending 
upon where the particular section in question is placed 
in the network chain. Once set, it ordinarily is not reset 
during tuning operations.” 


* The idea of connecting and ganging filters and line stretchers in 
a separate package was suggested verbally by L. E. Friedman, 
formerly with Balco Research Laboratories of Newark, N. J. 
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If it is permissible to restrict the tuning range of each 
section in Fig. 3 so that the center frequencies always 
increase monotonically with section number, the line 
stretchers can be eliminated and their function can be 
performed by means of a mechanical arrangement in 
which the filter ports slide along the transmission line. 
Even if such a restriction is not permissible, the line 
stretchers still can be eliminated if a means can be de- 
vised for sliding the filter ports past each other or plug- 
ging them in at different points along the line. Another 
method is to use a line that is long enough so that each 
sliding filter port has a freedom of motion of at least a 
half wavelength at its lowest frequency of operation. 

The circuit of Fig. 5 avoids the interdependence 
effects of the adjacent line stretchers by the interposi- 
tion of resonators coupled to the line. For example, the 
resonator C; is adjusted to place, in effect, a short cir- 
cuit in parallel with the line at the frequency of opera- 
tion of R; and 7). The line stretcher ZS; then is adjusted 
to separate the cavity and the filter by a quarter wave- 
length, so that the filter port is, in effect, in parallel 
with an open circuit. The new problems in Fig. 5 are 
associated with the design of these added resonators 
and their coupling to the line, with the object of pro- 
ducing an isolating effect in the pass band while produc- 
ing as little effect as possible in adjacent channels. 

Fig. 6 illustrates a scheme for avoiding the use of 
either sliding ports or line stretchers. The coupled 
resonators Ci, C2, etc., act as open circuits at their cen- 
ter frequencies, and they are placed as close as possible 


_ to the filter junctions; that is, the distances Ad in the 


diagram are made as small as possible. 

Other applicable types of multicouplers have been 
described by Carlin,? by Cohn and Coale,* and by Lewis 
and Tillotson. Carlin’s multicoupler has the practical 
disadvantage that each section operates on the prin- 


_ ciple of a balanced bridge, in which the antenna imped- 


ance is one arm of the bridge, so that a careful balance 


must be maintained in order to provide the required 


isolation. The other two multicouplers employ direc- 
tional filters that are constant-resistance networks and 


are best suited for use in fixed-tuned multicouplers 


where the pass bands are more nearly contiguous. They 


~ are more complex than is necessary in the present ap- 
' plication, where the pass bands are narrow in compari- 
son with the channel separations. Multicouplers em- 


ploying resistance-terminated lines also have been used, 


_ especially for receiver application in strong signal areas 


= 


Z ” 
y filters, 


where the added losses can be tolerated, but the addi- 


- tional loss makes their use undesirable in cases where a 


more satisfactory solution can be found. 


3H. J. Carlin, “UHF multiplexer uses selective couplers,” Elec- 


e tronics, vol. 28, pp. 152-155; November, 1955. 
‘ 4 


S. B. Cohn and F. S. Coale, “Directional channel-separation 
Proc. IRE, vol. 44, pp. 1018-1024; August, 1956. 


W. D. Lewis and L. C. Tillotson, “A non-reflecting branching 


filter for microwaves,” Bell Sys. Tech. J., vol. 27, pp. 83-95; January, 
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Fig. 7—Equivalent circuits of direct-coupled cavity-resonator 
filters near resonance. 
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Fig. 8—Notation for filter response curves. 


FILTER DESIGNS 
Design Basis 


The narrow-band filters considered here are of the 
symmetrical, direct-coupled resonator type. Primary 
attention has been given to two and three-resonator ca- 
pacitively coupled filters, equivalent circuits for which 
appear in Fig. 7. The terminal load conductances are 
denoted as Gz, the terminal coupling capacitances are 
denoted as C2, and the internal coupling capacitances 
are denoted as C3. The resonators each are represented 
as a parallel combination of inductance L, conductance 
G, and a capacitance of which the major part is denoted 
as C;. All resonators in any one filter are identical and 
have a value of unloaded Q that is denoted as Qu. It 
may be noted that the total of all capacitances con- 
nected to the upper terminal of each resonator is ex- 
actly equal to C;. The value Ci is a resonator design 
parameter which is not set by the filter response speci- 
fications, but may be fixed at any arbitrary value within 
the limits imposed by the resonator geometry. Terminal 
and internal coupling coefficients are defined as kr 
= (C,/Ciand k= C;/Ci, respectively. 

Fig. 8 shows typical response curves for the two types 
of filters and introduces certain symbols needed for their 
description. The center frequency is denoted as fy and 
the insertion loss in decibels at that frequency is denoted 
as Lo. A design frequency fy is defined at a point in the 
filter stop band where the insertion loss in decibels is 
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Fig. 10—Three-resonator minimum-loss response curves for L;=60 db 


made equal to a design value Lys. The difference between 
f, and fo is denoted as fa. The symbol w, appearing with 
various subscripts at other points in this paper, is used 
in the usual way to represent 27 times the value of f 
carrying the same subscript. The symbols f and w with- 
out subscripts represent the general frequency vari- 
able. 

The filters described here are symmetrical filters de- 
signed on a minimum loss basis, 1.e., the values of fo, fa, 
and Ls are specified and kr and k are then adjusted to 
produce the smallest value of Zo for a given value of 
Qu. Whatever response shapes result from following this 
design procedure are then accepted if they are adequate 
for the particular application. Some typical response 
curves are shown in Figs. 9 and 10. 


Two-Resonator Filters 


The general expression for insertion loss, in decibels, 
as derived by Cohn and Shimizu, is 


6 S. B. Cohn and J. Shimizu, “Strip Transmission Lines and Com- 
haan panere ent Menlo Park, Calif., Project No. 1114 
uart. Prog. Rep. 2, Contract No. DA 36-0398C-63232 6; 
May, 1955. ie teas 
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where the normalized frequency variable is defined by 
u=(f—fo)/fo and Qr is the Q of each cavity due to 
terminal loading only. 

The first term of (1) determines the midband loss and 
is a number that is generally less than 10. The second 
term, which is significant only for filters with large de- 
grees of overcoupling or undercoupling, has a coefficient 
which is the difference between two approxinately equal 
quantities and is, therefore, small. The third term, how- 
ever, increases as the fourth power of u and is therefore 
the only significant term in the stop band. Hence the 
insertion loss in decibels at frequency f, is given quite 


accurately by 
AQ 7? ) 
Us* 
k? 


where u, is the value of u for f=fz, t.¢., Us=(fs—fo)/fo. 
It can now be seen that the ratio Qr/k must be held con- 
stant in the process of finding a minimum-midband loss 
design for specified values of ZL; and ug. 

First, u is set equal to zero in (1). Then the equation 
is rearranged to give the band-center loss, in decibels, as 


ns —mr06e age a 


The argument of the above equation is differentiated 
with respect to Qr while holding Qy and (Qr/k) invari- 
ant. The derivative is then set equal to zero, and after 
simplifying the result with the aid of (2), the condition 
for minimizing Zo is found to be 


LOT Oa]O5- 
V207/Qu 


When (2) and (4) are substituted in (3) we obtain the 
following expression for the minimum center-frequency 
loss of a symmetrical two-resonator filter, in decibels: 


1 /Qr Or 4 

te= 10g [+(2241)(S 4 2)"] 

B01 Zo, os o. ad (5) 
In practice, the value of Qr/Qu which satisfies (5) can 
be found either by a graphical method, by an iterative 
process, or by solving the cubic equation. This value of 
Qr/Qu inserted in (4) gives a simple relation between 
the minimum value of Qu, the stop band insertion loss 
Ls, and the normalized frequency variable u, which 
will yield that insertion loss. 


Finally, the value of the internal coupling coefficient 
k is obtained by rearranging (2) as follows: 


k = 20ru,?/10%3/20, 


L, = 10 logio ( (2) 


Quu, = 


(4) 


(6) 
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Thus the electrical design of the two-resonator filter has 


been completely specified by (4) through (6) for given 
7 values of Qu, Ls, and u,. 


Three-Resonator Filter 


A similar procedure is followed for the three-resonator 
filter. From expressions derived by Taub and Bogner,’ 
the midband insertion loss in decibels is given by 


1/012Qu + 2k?/Q 
a2) logio Be ee s ih (7) 


2k?/Or 


where Q, is defined by 1/Qz,=1/Q7r+1/Qu. Eq. (7) 
‘applies to a symmetrical filter, and our notation, not 
that of Taub and Bogner, is used. In the case of the 
- optimum three-resonator filter it is impossible to achieve 
a perfect maximally-flat or Tchebycheff response in a 
symmetrical filter having internal losses, as pointed out 
by Dishal and Sellers* and by Taub and Bogner.’ By 
way of comparison, however, the symmetrical design 
derived below has the following advantages over the 
exact response shape design: 

1) A better pass-band match is possible. 

2) Midband loss is lower for the same values of f;, Ls, 
and Qy. As derived by Taub and Bogner from expres- 
sions given by M. Dishal’ the loss, in decibels, is 


b? — ca 
Lr = Lo + 10 logio {1 + || (2u)? 


2 


a? — 26 (2u)° 
+ || out + 2b 
Cc Cc 


where 
Sane b= 2h ct sive 
On. <= .O0 Or0n, Oi" 
and 
De 1 
Pens Ors, 


The insertion loss at the normalized frequency 4, 
(corresponding to f, in Fig. 10) as determined from (7) 
and (8), is given to an excellent approximation by 


40 7 u!). (9) 
kh? 


It is apparent from the above that Qr/k? is the quantity 
- that must be held constant in order to determine the 
minimum midband loss of a three-resonator filter for a 


5p =) loz ( 


7]. J. Taub and B. F. Bogner, “Design of three-resonator band 
pass eee having minimum insertion loss,” Proc. IRE, vol. 45, pp- 
681-686; May, 1957. : , aS 

8 M. Dishal and B. Sellers, “Design of three-resonator dissipative 
band-pass filters having minimum insertion loss,” PRoc. IRE, vol. 46, 
p. 498; February, 1958. reer ‘ 

9M. Dishal, “Design of dissipative band-pass. filters producing 
desired exact amplitude-frequency characteristics,” Proc. IRE, vol. 


37, pp. 1050-1069; September, 1949. 
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constant value of L,. The analysis then proceeds in a 
manner similar to that of the two-resonator case. 
The design relation for this case is thus found to be 
LQ Bete On Or 
W/40r/Qu 


By combining (7), (9) and (1) we then obtain an ex- 
plicit formula for Qr/Qu 


Stn “(4/145 1020/20 — 4 1 11 
On ae 9 | ee, ) ey 


The value of the internal coupling coefficient k is ob- 
tained by rearranging (9) as follows: 


: 2/Qrus* 
a 1QEs/40 


Quus = (10) 


(12) 


Thus the electrical design of a symmetrical three- 
resonator filter having minimum insertion loss is com- 
pletely specified by (10) through (12). 


Approximate Design Formulas 


Certain approximations, accurate to within 5 per 
cent for values of Ly less than 1 db, can be obtained for 
the quantities Qu, and Qr/Qu in (4), (5), (10), and 
(11). Design formulas for the two-resonator filter, based 
on these approximations, can be written as 


(6) 
i ees oe (13) 
1022/40) 4 
J/Grwal 
ae Chen seer (14) 
1022/ 4%), 
One (15) 
Lowa 


while corresponding formulas for the three-resonator 
filter are 


Wd 


Rk = 1.57 ——— (16) 
10£+/ 60% q 
V/Grwal 
kp = 1.31 STC (17) 
10 2s/ 6% q 
Qn8 Biren aie (18) 
0Wd 


The value L in (14) and (17) is the value of the resonator 
equivalent inductance shown in Fig. 7. 


Factors LIMITING THE NUMBER OF BRANCHES 


Each multicoupler branch in Figs. 2 through 6, at 
band center, presents to the junction an input admit- 
tance approximately equal to Gz. Outside its pass band, 
each branch presents an input admittance which is 
essentially a susceptance, described here by the term 
extra-channel susceptance. 
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The multicoupler is set up in such a way that the 
center frequency of each branch is different from that 
of any other branch. In general, the extra-channel sus- 
ceptance of each branch, measured or calculated at the 
center frequency of another branch, is small in com- 
parison with Gz. However, the total effect of all of 
these small extra-channel susceptances is the principal 
factor limiting the permissible number of branches. 
Consequently, it is important to make the extra-chan- 
nel susceptance of each branch as small as possible. 
Each of these extra-channel susceptances is equal to the 
extra-channel susceptance of its filter, transformed 
through the short length of conductor connecting the 
filter port to the junction or branch point. In the usual 
case, this is approximately equal to the sum of the extra- 
channel susceptance of the filter alone plus the lumped 
capacitance of the short conductor to ground. At VHF 
and higher frequencies, the magnitudes of the various 
quantities are such that the capacitance of this short 
conductor is the larger of these two components unless 
the conductor is less than a small fraction of an inch 
in length. This makes it important to design the junction 
in such a way as to minimize this effect as much as pos- 
sible. 

In the parallel-junction multicoupler shown in Fig. 
2, the extra-channel susceptances add directly at the 
junction. If it is assumed, for simplicity, that each sus- 
ceptance consists entirely of the lumped susceptance 
of the short line between the junction and the filter port, 
the total susceptance in, for example, a 20-channel mul- 
ticoupler is 20 times the average lumped susceptance of 
one branch line. The largest total susceptance that can 
be compensated by practical means over a two-to-one 
frequency band is probably about equal to Gz. If the 
characteristic impedance of the lines is also equal to 
G_, and if the average frequency is taken as 300 mc, for 
example, the lines can average no more than about 
0.2 inch in length. When the added effects of the filters 
are considered, this length must be reduced even fur- 
ther. Consequently, the distributed type of multi- 
coupler shown in Fig. 3 seems to offer more promise 
when there are more than five or ten branches, since 
the extra-channel susceptance is not concentrated at 
one point. It appears quite possible to design the dis- 
tribution line so that the branch susceptances in effect 
become part of the distributed shunt susceptance of 
the distribution line itself. In this case, the connecting 
line effects become less important, and attention can 
be turned to the extra-channel susceptances of the filters 
themselves. 

It is easily shown that in either the two or the three- 
resonator filter, the extra-channel susceptance is essen- 
tially unchanged when the second resonator is short- 
circuited. The value of the extra-channel susceptance 
then is given approximately by 


wo? 
Bre = wokrC, + wkr?C, SS CRON (19) 


wo” — w 
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where w is 27 times the frequency of measurement or 


calculation and wo is 27 times the center frequency of | 


the filter in question. The value of kg is given by either 


(14) or (17) for the minimum-loss filter designs de-_ 


scribed in this paper. The minimum-loss filter is well | 
suited to multicoupler applications because of its small | 


value of kr. For the parameters of other filter designs 
having any number of resonators, the reader is referred 
to a recent article by Cohn." 

The last term in (19) represents a series combination 
of inductance and capacitance that is resonant at w=. 
This series combination, in parallel with C:, as indicated 
by the first term, forms the extra-channel equivalent 
circuit for the filter. This is shown schematically in the 
upper part of Fig. 11, which represents a group of seven 
filters tuned to relative frequencies of wo/w=0.985, 
0.99, etc., as indicated. In the case where w/w =1, the 
approximation upon which (19) is based is not valid, 
and the input admittance is approximately equal to Gr. 
The bar charts below the equivalent circuits illustrate 
qualitatively the way in which the two branch suscept- 
ances values vary with wo. The value of w is the same in 
all cases. The left hand branch susceptance, w(C», in- 
creases with decreasing wy because kr, and hence C> 
also, increases as wo decreases. For values of wo far re- 
moved from w, the susceptance of the right hand branch, 
represented by the last term in (19), becomes negligible. 
Also, its sign changes when w» passes through w. Conse- 
quently, when there are a large number of channels 
spread over a wide frequency range, it may be possible 
in some cases to neglect the last term in (19) from the 
standpoint of its average effect, and the average extra- 
channel susceptance of a filter then reduces to that of 
C; alone. 

Although this paper, as stated in the Introduction, 
has evolved from a study program in which the multi- 
couplers under consideration operate in the 225 to 400 
mec band with twenty or more branches, some of the first 
experimental measurements on equipment designed 
from the above formulas were made in connection with 
another multicoupler study program" conducted in the 
HF range and involving only four branches. Figs. 12 
and 13 show the measured insertion loss and admittance 
of a four-branch, parallel-connected multicoupler, in 
which each branch consists of a minimum-loss filter 
containing three resonant circuits. In these measure- 
ments, the center frequencies were set at 17, 18, 19, 
and 20 mc. The admittance was measured at the com- 
mon junction of the four filter ports and the heavy seg- 
ments of the curve define bandwidths of 0.2 mc. The 
shunt susceptance of the junction connections at 20 mc, 
normalized with respect to the characteristic admit- 
tance, was measured separately and found to be 0.29. 


10S. B. Cohn, “Direct-coupled resonator filters,” Proc. IRE, vol 
45, PR Uae eh 1957. 3 tet 
ponsored by U. S. Navy Dept., Bureau of Shi = 

tract NObsr-72765. ia: aie Epeedilen cor 


—— 7 ee 


vy aa ae 


a minimum center-frequency insertion loss for given 
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Fig. 11—Multicoupler branch susceptance values. ; : : ; : 
Fig. 12—Measured insertion loss in a four-branch multicoupler. 


The filter centered at 20 mc, tested alone, had values 
of Lo=1 db, Z,=30 db, and we/wo=0.05. The filter 
centered at 17 mc had values of Z)=1.2 db, L,=37 db 
and wg/w»=0.059. The resulting values of Qu given by 
(18) are 500 and 480, respectively, which agree reason- 
ably well with a value of 530 obtained in separate 
measurements on the coils alone. The higher loss of 
about 1.9 db at 17 mc in Fig. 12 is due to the fact that 
a mismatch exists at that frequency, as shown in Fig. 
13. The ripples in the stop band of each branch in Fig. 
12 occur in or near the frequencies of the pass bands of 
the other branches. They can be explained in terms of 
the shunting action at the junction produced by each 
filter in and near its pass band. Generally speaking, this 
is not detrimental to the operation of the multicoupler. 
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CONCLUSIONS 


When the pass band of each channel is much nar- 
rower than the minimum channel separation, an effec- 
tive multicoupler may be formed by connecting to- 
gether several narrow-band filters, either in parallel at 
a common junction or distributed along a transmission 
line. The distributed connection is superior to the paral- _ three-resonator filters designed on this basis have re- 
lel connection when the number of branches in the mul- sponse functions that are suitable for many applica- 


Fig. 13—Measured admittance in a four-branch multicoupler. 


_ ticoupler becomes larger than about five or ten. The _ tions, including the present one. In the case of the three- 


directional filter approach to multicoupler design is resonator filter, the center-frequency insertion loss is 
more complicated than necessary in the present case smaller than that obtained in the maximally-flat, un- 
and is best suited to contiguous pass band applications, symmetrical three-resonator filter. 

which are not considered here. 
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A Wide-Band Strip-Line Balun* 


E. M. T. JONES} ann J. K. SHIMIZUt 


Summary—A new wide-band strip-line balun that uses a pair of 
dual coupled-strip-line band-pass filters is described. It can operate 
over bandwidths up to about 8:1 in the frequency range of about 100 
to 10,000 mc. Design data and theoretical performance curves for 
typical wide-band baluns of this type are presented. The measured 
performance of an experimental balun operating over a 3:1 fre- 
quency range centered at 3000 mc is compared with the theoretical 
performance, and the effects of discontinuities and dissymmetries in 
the experimental balun are discussed. 


INTRODUCTION 
A STRIP-LINE balun is used to connect an unbal- 


anced structure, such asa single-conductor strip 

transmission line, to a balanced structure, such 
as a two-conductor strip transmission line or a balanced 
printed circuit antenna. Recently, several strip-line 
baluns! have been constructed that operate over a 
limited frequency band. The baluns described here can 
easily be designed to operate over several octaves. 

One form of the wide-band strip-line balun is shown 
in Fig. 1(a). The balanced signal is obtained from the 
unbalanced signal by first dividing the signal into two 
parts, and then passing the divided signal through two 
equal-length coupled-strip-line band-pass filters.2 These 
dual filters are one-quarter wavelength long at band 
center and have the property that the image phase shift 
of the upper filter (with the pair of shorted strips) is 
always 180 degrees greater than that of the lower filter 
(with the pair of open-circuited strips). At the frequen- 
cies where the normalized image impedances of the 
coupled-strip-line filters are equal to unity, the input 
VSWR of the balun is also unity and the ratio of bal- 
anced to unbalanced voltage at the output ports is infi- 
nite. 

The other form of balun to be considered is shown in 
Fig. 1(b). It is similar to that of Fig. 1(a) except that 
one of the band-pass filters has been staggered with re- 
spect to the other one by a distance, J, equal to any odd 
multiple of a quarter wavelength at midband. This de- 
vice has a ratio of balanced to unbalanced voltage of 
infinity at the output both when the distance J is equal 
to a quarter wavelength and when the image impedances 
of the two filters are equal. The input VSWR of this 


* Manuscript received by the PGMTT, June 13, 1958; revised 
manuscript received, August 7, 1958. The work reported in this paper 
was sponsored by the AFCRC under Contract AF 19(604)-1571. 
More detailed information about this balun is contained in a report 
by the authors, “A Wide-Band Strip-Line Balun,” Stanford Res. 
Inst., Menlo Park, Calif., Sci. Rep. No. 3; June, 1958. 

} Stanford Res. Inst., Menlo Park, Calif. 

+E. G. Fubini, “Stripline radiators,” IRE Trans. oN MIcRo- 
vave THEORY AND TECHNIQUES, vol. MTT-3, pp. 149-156; March, 


wee MoT Jones and J. T. Bolljahn, “Coupled-strip-transmis- 
sion-line filters and directional couplers,” IRE TRANS. ON MIcRO- 
WAVE THEORY AND TECHNIQUES, vol. MTT-4, pp. 77-81; April, 1956. 
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Fig. 1—Plan views of two wide-band strip-line baluns. 
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Fig. 2—Equivalent circuits of two wide-band baluns. 


balun is unity, however, only when the image imped- 
ances of the filters are equal. Comparing the two forms 
of baluns of Fig. 1(a) and 1(b), the latter has the better 
balance-to-unbalance ratio, while the former has the 
better input match. 


GENERAL ANALYSIS 


The equivalent circuit of the balun of Fig. 1(a) as 
shown in Fig. 2(a). The equivalent circuit of the balun 
in Fig. 1(b) with the staggered band-pass filters is 
shown in Fig. 2(b). The notation used is as follows. 


LLeoaLein Sin 0 
[(Zoe— Zoo)? — (Zoe+ Zoo)? cos? 6 |4/2 


$8 


= image impedance of the band-pass filter 
with the pair of short-circuited strips. 


ZoeLoo 
Zo= 


=image impedance of the band-pass 


8 


filter with the pair of open-circuited strips. 
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Zoe=Characteristic impedance of one coupled 
strip, measured with respect to ground, 
with equal currents flowing in the same 
direction. 

Zoo=Characteristic impedance of one coupled 
strip, measured with respect to ground, 
with equal currents flowing in opposite di- 
rections. 

6=electrical length of each band-pass filter. 


Loe+Zoo a 
B=cos ! — ]}cos 6 | 
Loi— Lies 
=image phase shift of the filter with the pair 
of open-circuited strips. 
8-+180° =image phase shift of the filter with the pair 
of short-circuited strips. 


y =electrical length of the transmission line of 
characteristic impedance, Z. 


In each of these baluns the input impedances meas- 
ured to the right at Ports 1, and 1, are duals, since the 
image impedances, Z, and Z, are chosen to satisfy 


Z,Zy = Z?. (1) 


The ratio of balanced to unbalanced voltage at Port 
2 or Port 3 of either balun is 
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The normalized impedance Z,,/Z measured to the right 
at Port 1, and the normalized impedance Z,./Z meas- 
ured to the right at Port 1, are related to V3/V2as 


V3 Vhs Kh, 
Ld Meee A ey (4) 
V 2 Zs Lita 
The VSWR of the balun measured at Port 1 is 
1+ |r. |? 1 6 |" 
inte nee hee (5) 


1-— lrie |? 1- | r10 |? 


where 71, the reflection coefficient at Port 1., is the 
negative of 71,, the reflection coefficient at Port 1,. Thus, 
the input VSWR of this balun with the unstaggered 
filters is a function only of the magnitude of the input 
reflection coefficient of either of its balanced branches. 
If the ratio of balanced to unbalanced voltage at the 
output ports is expressed in terms of the reflection co- 
efficients, it is found that 


Va 
Va 


1 L 


| Tis | | Tio 


(6) 


Eq. (6) shows that the ratio of balanced to unbalanced 
voltage of the balun with the unstaggered filters is also 
only a function of the magnitude of the reflection co- 
efficient of either of its balanced branches. Note too 
that the balun performance is independent of the elec- 


Vs; trical length, W, of the transmission lines connecting to 
V> rire the two band-pass filters. 
Ses Sat (2) Returning now to the balun with the staggered filters 
Vu wee we shown in Fig. 1(b) it is found that the ratio V3/ V2 may 
Ve be expressed as 
(cosa +(Z) sins) + isin (sone +s(Z) sma) 
sw\( cos — }sin sin | cos —) sin 
V3 ie HE, Ds 2 : H Li 
bat 4 aie (7) 
V2 ei oO ee ae Wea 
cosy (cos +i - sin6)+j/siny{cos6+ 7 e sin 6 


For the balun of Fig. 1(a) the ratio V3/V2 may be ex- 
pressed as 


Zs 

cos B +i(4) sin B 
3 7A 

biieec : (3) 


7 ae, B 
cos B +i(5) sin 


& 


Z Se we 
cos W (cos +9 (5) sin 2) + jsiny (cos +9 (5) sin 8) 


It is seen that V3/V2= —1 corresponding to Vi/Vu= © 
when Z,/Z=1 or when cos =0. 

The input impedance of the upper branch of the balun 
AL FOLt iss 


Zs 
os 6 + j — sin B 
Lids ; i j Z (8) 


inne in B 
cos — sin 
7 


s 


while that of the lower branch at Port 1.’ is 


(9) 


i Fee Ne {eee 
cony (cose +i (5) sina) + isin cosB +7 = sin 8 
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Fig. 3—Image impedance of the band-pass filters used 
in Baluns J, II, III, and IV. 
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Fig. 4—Image phase shift of the band-pass filters used 
in Baluns I, II, III, and IV. 


The input impedance at Port 1 normalized to the 
impedance Z/2 of the input line is 


2 


7/2 3 
Lplts + LAL 46 


(10) 
and the input VSWR in terms of the input impedance 
at Port 1 is 

[1+ 22:/Z| + |1—22,/2| 
Fae RL Pr alleges Og A 
The VSWR is unity only when Z,/Z =1.' 


VSWR 


(11) 


THE THEORETICAL PERFORMANCE 
OF WIDE-BAND BALUNS 


Baluns with Two Unstaggered Band-Pass Filters of Equal 
Conductor Size 


The frequency variation of the normalized image 
impedances, Z,/Z and Z,/Z, of the filters incorporated 
in these baluns is plotted in Fig. 3, and the frequency 
variation of the image phase shift of the filters is plotted 
in Fig. 4. The frequency variation of the input VSWR 
and the ratio of output balanced to unbalanced voltage, 
V,/ Vu, of four baluns with unstaggered band-pass filters 
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(b) 
Fig. 5—Theoretical performance of Baluns I, II, III, and IV. 


TABLE I 


SUMMARY OF ELECTRICAL PARAMETERS OF FouR WIDE-BAND STRIP- 
Line Batuns, Each Havinc Two UNSTAGGERED BAND-PAss 
FILTERS OF EQuAL CONDUCTOR SIZE 


Balun 
Parameter 
I II III IV 

Zod) Les 5.828 6.500 7.420 9.600 
Loe/Z 2.415 2250 2.730 3.200 | 
Lo0/Z 0.415 0.393 0.368 0.334 
Z./Z (midband) 1.000 0.925 0.849 0.721 
Zo/Z (midband) 1.000 1.081 1.179 1.387 
Design 6 for perfect op- 

eration (degrees) 90+0 |90+422.5] 90432 90 +44 


is shown in Fig. 5. Table I summarizes their pertinent 
electrical parameters. It is seen that Balun I, which has 
Z,=Z,=Z at midband, has unity VSWR and V3/V,= © 
at midband. 

The frequency response of the VSWR has a maxi- 
mally flat characteristic and is less than 1.018 over a 
1.77:1 frequency range. The ratio of V/V, over this 
frequency range is always greater than 20 db. Stated 
another way, the power in the unwanted unbalanced 
mode is always less than 1 per cent over this frequency 
range. 

Baluns II, III, and IV are designed so that at midband 
Zo>Z and Z,<Z, while maintaining the condition that 
Z.4,=Z° at all frequencies. Inspection of the curves in 
Fig. 5 shows that increasing the ratio of Z,/Z, at mid- 
band increases the midband VSWR, decreases the mid- 
band ratio of V/V, and increases the separation of the 
frequencies of perfect balun operation. Balun IV, with 
a VSWR of 1.22 at midband, has a ratio of Vi/ Vu of 
3.16 at midband, corresponding to 10 per cent of the 
power in the unbalanced mode. Over a 4.76: 1 frequency 
range, the performance of this balun is at least as good 
as at midband. 


i ee tas gull 
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Between the output conductors of the balun there isa 
plane of symmetry characterized by the fact that elec- 
tric field lines of the balanced mode are perpendicular 
to it while electric field lines of the unbalanced mode are 
parallel to it. In critical balun applications the unbal- 
anced mode may be suppressed by inserting a resistance 
card along this plane. As an example, if the unbalanced 
mode is completely suppressed, Balun IV still has a 
power transfer efficiency of 90 per cent or better over a 
4.76:1 frequency range. 


Baluns with Two Band-Pass Filters of Different Con- 


ductor Size 


General: When these baluns are constructed using 
two dual coupled-strip-line band-pass filters having dif- 
ferent cross-sectional dimensions, it is found that for a 
given ratio of balanced to unbalanced impedance they 
possess much wider bandwidths than if the filters have 
conductors of the same dimensions. This behavior holds 
true whether or not the band-pass filters are staggered. 
In order for the filters with unequal conductor sizes to 
be duals (i.e., Z,Z,=Z? at all frequencies) it is only 
necessary that *Z../*Zo0=°Zoe/°Zoo.* 

Baluns with Two Unstaggered Band-Pass Filters of 
Different Conductor Size Having *Zo./*Zoo=5.828 :* The 
frequency variation of the input VSWR and the ratio of 
the output balanced to unbalanced voltage Vi/V. of 
four baluns, each having two unstaggered band-pass 
filters of different conductor size and *Z,./*Zoo= 5.828, 
are shown in Fig. 6. Because the *Z../*Zo0 ratio for these 
baluns is the same as the Z,./Z.. ratio of Balun I, the 
frequency variation of the normalized image impedances 
Z,/Z and Z,/Z is the same as that of Balun I. However, 
because the *Z,, values for these baluns are smaller than 
Zoe for Balun I, the Z./Z curves for these baluns are dis- 
placed downward from the Z,/Z curve of Balun I, while 
the Z,/Z curves are displaced upward. The frequency 
variation of the image phase shift for these filters is 
identical to that for Balun I and is shown in Fig. 4. 
Table II lists their pertinent electrical parameters. 

Balun Ila is designed to have the same midband per- 
formance as Balun II; Balun IIIa to have the same 
midband performance as Balun III; and Balun IVa to 
have the same midband performance as Balun IV. 

A comparison of the theoretical performance of 
Balun I of Fig. 5 to that of Baluns IIa and IIJaand [Va 
of Fig. 6 shows the improvement in balun bandwidth 
obtained by designing the two band-pass filters to have 
different conductor sizes while maintaining the ratio of 
even to odd characteristic impedance of the filters at 
5.828. Here the bandwidth is defined as the frequency 
band over which the VSWR at the edges of the band 
equals that at the center. A comparison of the perform- 


8 Superscripts s and o denote band-pass filters with short and 
open-circuited parts, respectively. - é : 
4A directional coupler of the type described by Jones and Boll- 
jahn, op. cit., with Zoe/Zo0= 5-828 would have a midband coupling 
db. é 
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Fig. 6—Theoretical performance of Baluns Ila, IIIa, and IVa. 


TABLE II 


SUMMARY OF ELECTRICAL PARAMETERS OF THREE WIDE-BAND STRIP- 
Line BaLuns Each Havinc Two UNSTAGGERED BAND-Pass 
FILTERS OF UNEQUAL CONDUCTOR SIZE 


Balun 
Parameter 
Ila Illa IVa 

"Zoe "Zoe 
a 5.828 5.828 5.828 

*Zoo Wher 
"Zoo/L 2233 2.049 1.740 
*Zoo/L 0.383 0.351 0.298 
Sh, 2.609 2.846 3.348 
Whe Vh 0.447 0.488 0.574 
Z./Z (midband) 0.925 0.849 0.721 
Z./Z (midband) 1.081 1.179 1.387 

Design @ for perfect op- 

eration (degrees) 90+ 21 90 +28 90 +35 


ance of Baluns II and Ila, III and IIIa, and IV and 
IVa shows that in each case the former balun has a 
slightly wider bandwidth. This increase in bandwidth, 
however, is achieved at the expense of using filters with 
higher ratios of even to odd characteristic impedance 
that are much harder to construct. Hence, it is believed 
that in most applications it is preferable to construct 
baluns containing filters with unequal conductor dimen- 
sions. 

Baluns With Two Unstaggered Band-Pass Filters 
Having *Zce/*Zoo = 17.399:5 The bandwidth of extremely- 
wide-band baluns is approximately proportional to the 
logarithm of the ratio of ground-plane spacing to con- 
ductor cross-section dimensions in the band-pass filters. 
Hence the maximum practical bandwidth of extremely 
wide-band baluns which have very small center con- 
ductor dimensions is determined by mechanical con- 


5 A directional coupler of the type described by Jones and 
Bolljahn, op. cit., with Zoe/Zoo= 17.399 would have a midband 


coupling of —1 db 
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TABLE III 


SUMMARY OF ELECTRICAL PARAMETERS OF Four WIDE-BAND STRIP- 
Line BaLtuns Eacu Havine Two UNSTAGGERED BAND-Pass 
FILTERS OF UNEQUAL CONDUCTOR SIZE 


Balun 
arameter 
pe V VI VII VIII 
Shee Wise 
= MSO) | ASOD BOD | 7 SOO) 
Wor Des 
*Zoe/Z fh aly 7.944 7.413 Seo dull 
SZoo/Z 0.466 0.456 0.426 0.339 
°Loe/Z 2.143 2.189 2.346 2.943 
°Loo[ Z ORI23 OOS 0.135 0.169 
Z;/Z (midband) 0.990 0.968 0.904 0.721 
Z./Z (midband) 1.010 1.032 1.106 1.387 
Design @ for perfect op- 
eration (degrees) 90 90+ 90 + 90+ 
15.47 25.96 39.97 S83 
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Fig. 7—Theoretical input VSWR of Baluns V, VI, VII, and VIII. 


struction tolerances. Baluns V, VI, VII, and VIII have 
been selected for consideration here because their 
band-pass filters have conductors whose cross-section 
dimensions are about as small as can be constructed 
conveniently. 

Table III summarizes the pertinent electrical param- 
eters of these baluns. The frequency variation of the 
input VSWR of these baluns is shown in Fig. 7, and 
the ratio of the output balanced to unbalanced voltage, 
V,/V.u, is shown in Fig. 8. Inspection of the curves in 
Figs. 7 and 8 shows that increasing the ratio of Z,/Z, at 
midband increases the midband VSWR, decreases the 
midband ratio of V,/V., and increases the separation 
of the frequencies of perfect balun operation. 
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Fig. 8—Theoretical balanced to unbalanced voltage ratio, 
Vi/ Vu, of Baluns V, VI, VII, and VIII. 
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Fig. 9—Cross section of a coupled strip-line region of Balun VIII. 


Fig. 7 shows that Baluns V, VI, VII, and VIII have 
maximum VSWR of 1.0002, 1.002, 1.020, and 1.220, 
respectively, over the corresponding bandwidth of 1.65, 
2.34, 4.00, and 7.74:1. In Fig. 8, the curves of Vi/ Vz 
indicate that for these baluns the corresponding mini- 
mum percentage power transfer efficiency over the 
operating frequency band is 99.99, 99.90, 99.00, and 
90.00. Comparison between Baluns IV and VIII, where 
both baluns have a VSWR of 1.22 and a ratio Vi/ Vi, of 
3.16 at midband, shows that the performance of Balun 
VIII is at least as good as at midband over 1.626 times 
the frequency range that can be obtained with Balun IV. 

Fig. 9 illustrates the approximate cross-section di- 
mensions of the coupled strips of the two band-pass 
filters of Balun VIII when the impedance Z is 100 ohms, 
and the cross section is air filled. If the cross section were 
filled with dielectric to support the conductors their 
dimensions would be even smaller. Nevertheless, it is 
believed that with care this balun could be constructed 
with either an air-filled or dielectric-filled cross section 
with sufficient precision that its measured performance 
would be close to the theoretical performance. 

Baluns With Two Staggered Band-Pass Filters of Dif- 
ferent Conductor Size:® This section describes the fre- 
quency variation of the input VSWR and output bal- 


° The staggering technique can also be applied to baluns that have 
filters with equal cross-section dimensions. 
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Fig. 10—Theoretical performance of Baluns IIb, IIIb, and IVb. 


anced to unbalanced voltage ratio of three baluns having 
staggered band-pass filters. Each of these baluns utilizes 
two staggered coupled-strip-line band-pass filters having 
dual input impedances but different cross-sectional di- 
mensions. The electrical parameters of Baluns IIb, IIIb, 
and IVb are the same as those of Baluns Ila, IIIa, and 
IVa with the single important difference that one of the 
band-pass filters in each of Baluns IIb, IIIb, and IVb is 
staggered with respect to the other by a distance / 
equal to one-quarter wavelength at midband. 

The ratio of balanced to unbalanced output voltage 
of these baluns is plotted in Fig. 10(a), while the input 
VSWR is shown in Fig. 10(b). It is seen by comparing 
Fig. 10(a) to Fig. 6(b) that this quarter-wavelength 
staggering greatly increases the ratio of balanced to 
unbalanced voltage over the band, while a comparison 
between Fig. 10(b) and Fig. 6(b) shows that the stag- 
gering also increases the average input VSWR. 


EXPERIMENTAL MopEL OF BALUN I[ 


Construction 


An experimental model of Balun I was constructed 
which had the electrical parameters given in Table I, 
and a center frequency of 3 kmc. Its dimensions are 
listed in Table IV. A photograph of this balun is shown 
in Fig. 11. For convenience in measuring the perform- 
ance of this balun with standard measuring equipment 
(normally at a 50-ohm level), the output terminal im- 
pedance was transformed from 100 ohms to 50 ohms in 
five steps. This transformer was designed to have an 
“equal-ripple” VSWR _ response, with a maximum 
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TABLE IV 
DIMENSIONS OF EXPERIMENTAL MODEL oF BALUN I 
Dimension 
ak (fractions of an inch) 
Ground-plane spacing b 0.500 
Thickness ¢ of all strips 0.062 
Width w’ of strip having Z of 100 ohms 0.147 
Width w, of strip having Z/2 of 50 ohms 0.555 
Width w of strips in band-pass filters 0.033 
Spacing s between strips in band-pass filters 0.0166 
Length / of band-pass filters 0.984 


Fig. 11—Photograph showing the internal construction 
of experimental strip-line Balun I. 


VSWR of 1.065 over the frequency band of 3.5:1.7 


’ The length of each transformer is 0.984 inch, while the 


width of the strips in the stepped transformer is 0.485, 
0.372, 0.262, and 0.187 inch. In order to reduce discon- 
tinuity effects in the balun at places where there are 
sudden changes in strip cross section, tapers were pro- 
vided at each transformer step and a V-shaped notch 
was placed at the power divider. In Fig. 11, the strips 
are shown supported with polyfoam blocks and with 
small polystyrene spacers inserted between the strips 
at four places to maintain the coupling spacing uniform. 


Experimental Results 


The balanced to unbalanced voltage ratio, Vs/Vu, of 
the balun was computed by means of (2), using the 
measured values of the magnitude and phase of V3/V2 
at the output terminals. 

The measured VSWR and V;/V, ratio compared with 
the theoretical values are plotted in Fig. 12. It is seen 
that the measured values deviate from the theoretical 
values; nevertheless, the experimental balun has good 
performance since the V;/V, ratio is greater than 11.4 
db over a 3:1 frequency range. It is believed that the 
deviation between the theoretical and experimental 
values of V;/Vu is caused by discontinuities and phys- 
ical dissymmetries of the arms of the balun containing 
the band-pass filters. The relatively high VSWR of the 
input line is undoubtedly caused by a symmetrically 
located discontinuity at the power divider. Some idea 
of the magnitude of this latter discontinuity can be in- 


7S, B. Cohn, “Optimum design of stepped transmission-line 
transformers,” IRE Trans. ON MICROWAVE THEORY AND TECH- 
nigugs, vol. MTT-3, pp. 16-21; April, 1955. 
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Fig. 12—Experimental performance of strip-line Balun I. 
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ferred by comparing the measured VSWR in Fig. 12 
with the VSWR calculated from the measured V2/Vu 
ratio by means of (5) and (6). 


CONCLUSIONS 


The theoretical analysis of these baluns has shown 
that they have good wide-band performance. The baluns 
using unstaggered band-pass filters have a very low 
VSWR over their operating frequency range; in com- 
parison, the baluns using staggered band-pass filters 
have a higher input VSWR, but a better balance of the 
output voltage over the same bandwidth. However, in 
either type of balun the balanced to unbalanced voltage 
ratio may be greatly increased by inserting a suitably 
oriented resistance card between the strips connecting to 
the output ports. 

The measured performance of the experimental balun 
is good over a 3:1 frequency range, although the ex- 
perimental performance agrees only approximately with. 
theory, because of discontinuity effects. It is believed 
that, by reducing junction discontinuities, the balun 
performance can be made to conform closely to the 
theoretical results. 
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Periodic Structures in Trough Waveguide* 
A. A. OLINER} anp W. ROTMANt ; 


Summary—The center fin in trough waveguide can be modified 
in a periodic fashion to alter the propagation characteristics of the 
guide. Two such periodic modifications, one an array of circular holes 
and the second a periodic array of teeth, have been measured fairly 
extensively and analyzed theoretically. These configurations are use- 
ful in connection with antenna scanning or waveguide filter applica- 
tions. 

The array of holes produces only a mild slowing of the propagating 
wave, but the toothed structure, which may alternatively be described 
as a series of flat strips extending beyond the edge of the fin, can 
cause the propagating wave to vary from a very slow to a very fast 
wave. The periodic structures are theoretically treated by two meth- 
ods, a transverse resonance procedure and a periodic cell approach. 
These theoretical results agree very well with each other and with 
the measured data. 


* Manuscript received by the PGMTT, July 14, 1958; revised 
manuscript received, September 12, 1958. Part of this study was 
supported by the Air Force Cambridge Research Center under Con- 
tract No. AF 19(604)-2031. 

+ Microwave Res. Inst., Polytechnic Inst. of Brooklyn, Brook- 
lynbe Ni Ye 

} Air Force Cambridge Res. Ctr., Bedford, Mass. 


I. INTRODUCTION 


ROUGH waveguide is a relatively new wave- 

guide type possessing a number of interesting 

properties. The geometry of the guide is shown in 
Fig. 1. It is derived from symmetrical strip transmission 
line by placing a short circuit at the midplane of the 
latter;! for this reason, the dominant mode in trough 
waveguide is identical with the first higher mode in the 
strip transmission line. The electric field distribution is 
indicated in Fig. 1 as being oppositely directed in the 
top and bottom portions; hence, if the plate spacing in 
the region beyond the edge of the center fin is less than 
a half wavelength, the field is of the below cutoff type 
in this outer region when viewed in the transverse di- 
rection. Thus, by virtue of symmetry, one of the guide 
walls is reactive and the structure is non-radiating. 


* Airborne Instruments Lab., advertisement on trough wa id 
Proc. IRE, vol. 44, p. 2A; August, 1956, eae Se 
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Fig. 1—The trough waveguide. 


(a) (b) 


Fig. 2—Two types of periodic structures in trough waveguide. 
(a) Array of holes. (b) Array of teeth. 


The dominant mode in trough waveguide is an H, 
or TE, mode, with a transverse wavenumber which is 
independent of frequency. Expressions for the trans- 
verse wavenumber, or alternatively the cutoff wave- 
length, as a function of guide geometry are available 
_ both for center fins of zero thickness and for fins of 
finite thickness.? 

Trough waveguide possesses three properties of par- 
ticular interest. First, it can be coupled very smoothly 
to coaxial line; second, the dominant mode possesses a 
nominal bandwidth of approximately 3:1, in contrast 
to the approximately 2:1 value for normal rectangular 
waveguide; and third, it is an open structure, so that 
any asymmetry produces radiation. Those features con- 
cerned with the large bandwidth and excellent match 
to coaxial line are useful for a variety of component ap- 
plications. The open nature of the line lends itself to 
the design of novel types of line source antennas.?” 

Since the variation with frequency of the trough 
waveguide propagation characteristics is similar to that 
of an ordinary waveguide, a considerable measure of 
added versatility is obtained by periodically loading 
the waveguide. By properly choosing the loading, the 
wave, which is ordinarily a fast wave, can be made into 
a slow wave or into an even faster wave, pass and stop 
bands can be obtained, or rapid variations of propaga- 
tion constant with frequency can be produced. While 


2 W. Rotman and A. A. Oliner, “Asymmetrical Trough Wave- 
guide Antennas,” IRE TRANS. ON ANTENNAS AND PROPAGATION, to 
be published. 

3 W. Rotman and N. Karas, “Some new microwave antenna de- 
signs based on the trough waveguide,” IRE CONVENTION REc., part 
I, pp. 230-235; 1956. 
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periodic loading can produce these effects in many 
types of waveguiding structures, this loading in trough 
waveguide can be achieved readily by modifications in 
the center fin only. In fact, these modifications may be 
produced, if desired, by photo-etching or stamping 
techniques. For example, periodic structures in trough 
waveguide have been employed in antenna rapid scan 
applications by the Air Force Cambridge Research 
Center, and in filter applications by the Airborne In- 
struments Laboratory. 

A study of two types of periodic structures in trough 
waveguide is described in this paper. These two types, 
which are shown in Fig. 2, are an array of circular holes 
in the center fin, and a series of flat strips extending be- 
yond the edge of the center fin. For convenience, the 
second structure will be referred to as an array of teeth. 
Both types of structures were examined experimentally 
and analyzed theoretically. 

An array of circular holes never produces a heavy 
loading, and its effect on the trough waveguide is to 
cause a mild slowing of the wave. The propagation 
characteristics of the toothed array, on the other hand, 
are significantly different from those of the unloaded 
trough waveguide. By proper choice of dimensions, 
the width and location in frequency of the pass bands 
may be selected as desired, and the wave may be made 
fast or slow. 

The trough waveguide periodic structures were an- 
alyzed theoretically by two methods: a periodic cell 
approach, and a transverse resonance procedure. In the 
case of the array of holes, the results of both methods 
agreed very well with each other and with the measured 
values. In the case of the array of teeth, the periodic 
cell approach yields accurate values only when the 
teeth are far apart, because of the strong mutual cou- 
pling between neighboring teeth. For this reason, only the 
transverse resonance analysis of the array of teeth is 
included in this paper.t This analysis agrees very well 
with the measured data over a wide range of parameter 
values. 

The theoretical expressions for the propagation char- 
acteristics of these periodic arrays are not only accurate 
but are also in simple and practical form. Numerical 
values can be readily obtained from them. 

In the transverse resonance analysis of the array of 
teeth, it was necessary, as an intermediate step, to de- 
rive an expression for the characteristic impedance of 
multistrip transmission line. The geometry of this line 
is indicated in Fig. 11(a) of the appendix, where a sim- 
ple approximate expression for the characteristic imped- 
ance is derived. This simple expression is compared 
there with a cumbersome rigorous conformal mapping 
result; the approximate form shows remarkable ac- 
curacy over a wide range of dimensions. This interme- 
diate result may also be of value in itself. 


4 The periodic cell analysis for the toothed array is included in a 
forthcoming Air Force Cambridge Res. Ctr. Rep. by W. Rotman 
and N. Karas, “Trough Waveguide Radiators with Periodic Posts.” 
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II. ARRAY OF CIRCULAR HOLES 
A. Periodic Cell Analysis 

The first of the two methods employed for determin- 
ing the propagation characteristics of trough wave- 
guide loaded by an array of round holes in the center 
fin is the periodic cell approach. This approach is most 
suitable for geometries in which the holes are not too 
closely spaced to each other. However, since the mutual 
coupling between circular holes is known to be quite 
small, results obtained with the periodic cell approach 
should be valid even when the holes are fairly close to 
each other. 

The geometry of the array of holes is indicated in 
Fig. 3, together with the notation to be employed. As 
seen, the array need not be centered in the fin. 

A view of the center fin alone is shown-in Fig. 4(a). 
The periodic cell approach first requires the choice of a 
unit cell, which is shown in Fig. 4(a) to lie between refer- 
ence planes 7; and 7. The second step, that of deducing 
an equivalent network for the unit cell, is indicated in 
Fig. 4(b). This network is seen to consist of two lengths 
of unloaded trough waveguide, each equal to one-half 
the length of the unit cell, and coupled together at the 
midplane of the unit cell by an equivalent circuit for 
the circular hole by itself. The third step in the pro- 
cedure is indicated by Fig. 4(c); it consists of obtaining 
a smooth transmission line equivalent to the original 
periodically loaded line. This equivalence is valid only 
at the accessible reference planes 7; and 7», of course. 
The unloaded trough waveguide and the equivalent 
smooth line are characterized, respectively, by propaga- 
tion wavenumbers ko( =27/A,.) and x, and characteristic 
admittances Y, and Y. The quantity of final interest is 
the equivalent macroscopic guide wavelength ), of the 
periodically loaded trough waveguide, and this quantity 
is, of course, related to‘K by 


aa he (1) 


One method of obtaining equivalence at reference 
planes 7; and 72 between the composite equivalent net- 
work of Fig. 4(b) and the equivalent smooth transmis- 
sion line of Fig. 4(c) is by the use of bisection theorems, 
taking advantage of the symmetry of the networks. 
Each of the two networks is bisected and short circuit 
and open circuit terminations are placed successively at 
the midplanes. The corresponding input admittances to 
each network are then equated; the following relation 
is obtained as a result: 


iy 
ae Ba ne By 
COS Ka = oe Ee COS Koa 
By 


+ 


< [1 — Bu’(Ba’ + 2By’)| sinxoa, (2) 
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where B,’ and B,’ are the pi network parameters at cen- 
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Fig. 3—Geometry of array of circular holes in 
center fin of trough waveguide. 
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Fig. 4—Development of periodic cell analysis for array of holes. 
(a) View of center fin. (b) Equivalent network of unit cell. (c) 
Equivalent smooth transmission line. 


Y, of the unloaded guide. From (2) and (1) one readily 
calculates the guide wavelength \, of ultimate interest. 
Before numerical results can be computed, however, 
expressions are needed for B,’ and By’. Such expressions 
were derived from general small aperture relations for a 
symmetrical longitudinal aperture,® the latter being ob- 
tained by a generalization of well-known results for 
transverse apertures. The resulting expressions are 


' 3bA go 
By = — (3) 
Reo(4ro)* sin? Rood 
3 Agol 2kcc%o)® COS* Read 


37d 


eee 
{1 — +(=) tan? kaa |, (4) 
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°A. A. Oliner, “Equivalent Circuit for Round Hole in Trough 
Waveguide,” Memorandum No. 38, R-645-58, PIB-573, Microwave 
Res. Inst., Polytechnic Institute of Brooklyn, Brooklyn, N. Y.; 
February, 1958. ; ¥ 


terline reference plane 7 of a single round hole in trough 
waveguide, normalized to the characteristic admittance 
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where most of the symbols are indicated in Fig. 3. 
Lengths 7,, d, and 20 are seen to be the hole radius, the 
distance from the center of the hole to the side wall of 
the guide, and the spacing between the top and bottom 
plates, respectively. Quantity k (=27/h) is the free 
space wavenumber, \,o is the guide wavelength of the 
unloaded trough waveguide, and k., (=27/Xco) is the cut- 
off wavenumber of the unloaded guide, and is related 
tO Ko in (2) by 


ko = VR? — Reo. (5) 


r9| 


The cutoff wavelength X,, for a zero-thickness center fin 
_may be obtained either from a curve? or from the fol- 
lowing transcendental relation: 


Mats 2 vie AEN ey 2b 
= _~ In2+ AY ( \- § ( 
ie Te MO) rb NN SS (6) 


where S; is the rapidly convergent arcsine sum 


Si ey (sin 2 =). (7) 


n=1 nN n 


The contributions from the arcsine sums are relatively 
small, although they are not negligible. For the range 
s/b>1, the arcsine sums contribute less than 3 per cent 
to the value of \.o/0d. 

With the knowledge of \.o, kK. can be found readily 
from (5), and B;’ and B,’ from (3) and (4). The substi- 
tution of these quantities into (2) then permits the de- 
termination, via (1), of the guide wavelength \, of the 
- periodically loaded structure. 


B. Transverse Resonance Procedure 


The second method used for analyzing the array of 
holes is the transverse resonance procedure. The limita- 
tion in the applicability of the transverse resonance pro- 
cedure is that the holes must not come too near to the 
edge of the fin or to the wall contacting the other side 
of the fin. 

The transverse transmission direction, along which 
the resonance is performed, is taken in the guide cross 
section along the plane of the center fin. This direction 
_ is indicated in Fig. 5(a) as the x direction. Asa simplifi- 
cation in the form of the transverse equivalent network, 
the fringing field at the edge of the fin is replaced in a 
rigorous manner by an extension 1 of the center fin and 
by a magnetic wall termination. The resulting trans- 
verse equivalent network, which parallels the structure 
of Fig. 5(a), is shown in Fig. 5(b). The lengths of line in 
Fig. 5(b) are characterized by the transverse wavenum- 
ber &; and characteristic admittance Y:, while the pi 
equivalent circuit parameters B, and B, represent the 
influence of the array of holes on the transversely propa- 
gating wave. This transversely propagating wave con- 
sists of two TEM waves, one in the upper and one in the 
lower parallel plate region, with oppositely directed 
electric fields and incident at an arbitrary “angle” on 


Oliner and Rotman: Periodic Structures in 


Trough Waveguide 


137 


MAGNETIC 
WALL 


' OPEN 


i] 
1 
] 
| 
° CIRCUIT 
se eneleee eye 
1 
(b) 


Fig. 5—Transverse resonance analysis of array of holes. (a) Array 
of holes. (b) Transverse equivalent network. 


the array of holes. This angle is a means by which &; is 
specified (it is given by k;=k cos 9, if 6 is the angle of 
incidence). The equivalent circuit that represents such 
a wave incident on the array of circular holes has been 
determined by means of small aperture relations to be: 


ee 1 3ab 
etn Ri se) ) 


27ro° k? 
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where the parameters are normalized to the character- 
istic admittance Y;. The geometrical quantities 7, @ 
and b are indicated in Fig. 3, and &(=27/)) is the free 
space wavenumber. 

The transverse resonance relation is obtained by 
equating to zero the sum of the input admittances seen 
looking in both directions away from some reference 
plane, chosen as T for convenience, in the equivalent 
network of Fig. 5(b). One finds as a result the transcen- 
dental equation 


tan k,(s — d + 1) 


= (0), 


B,’ — cot kid | 
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where 


pe ee s.(—") sg s,(), (11) 
T Rt Tv kt Tv 

and .S; has been defined in (7). When one substitutes for 
B,' and B,’ from (8) and (9), expression (10) becomes 
rather involved. Since the influence of the array of 
holes is small, however, it is appropriate to employ a 
perturbation procedure, by perturbing about the solu- 
tion for the unloaded guide. The transverse wavenum- 
ber &,. for the unloaded guide depends only on the guide 
geometry, as seen from relation (6); for the loaded guide, 
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the transverse wavenumber &; is seen to depend on 
wavelength also, in view of the dependence of B,’ on k 
in (9). 

For the perturbation procedure, one writes 


ki = Keo Aki, (12) 


and approximates / by J,, which can be done with negli- 
gible error. In addition, use is made of the resonance 
relation for the unloaded trough waveguide, which may 
be written as 
By 
5 = — 
Dew 
for the lowest mode. Relations (12), (8) and (9) are then 
substituted into (10), and (13) is employed to simplify 
the resulting form. After some algebra, one finds 


(13) 
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Fig. 6—Propagation characteristics of trough waveguide with 
an array of circular holes in the center fin. 


i — cot? Rood 


oe % FE Sabu ret 


In order to relate Ak; to the guide wavelength A, of the 
periodically loaded guide, one first recognizes that 


r / ( =) 

—= 1—{—). 

Ng k 
Relation (12) is then substituted into (15); after simpli- 
fication one finds 


(15) 


Ngo Ak 
ep Naame (16) 


where Ak;/k is given by (14), Aco by (6), and Ago ( = 27/ko) 
byst5)e 


C. Comparison with Measurement 


Measurements were taken of the guide wavelengths 
as a function of frequency for two different trough 
waveguides, each loaded with a periodic array of circu- 
lar holes. These measurements are compared in Fig. 6 
with theoretical values obtained from both the periodic 
cell and transverse resonance approaches discussed in 
Sections A and B. The measured values are indicated as 
individual points; a certain scatter appears in the data 
but it should be noted that the ordinate scale is greatly 
expanded. It is also seen that the theoretical values ob- 
tained from the two different approaches agree ex- 
tremely well with each other. The agreement with the 
measured values is also good. The close agreement found 
between the two sets of theoretical values occurs because 
the measured structures still lie within the approxima- 
tions inherent in both theoretical approaches; the range 
of applicable dimensions is increased because circular 
holes do not couple strongly to their environment. 


(14) 
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It is recognized that 
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where v is the phase velocity of the wave in the loaded 
guide while c is the velocity in free space. The curves 
were plotted in the form \/A, to indicate that in this 
range the waves are still fast waves. 


III. ARRAY OF TEETH 


As indicated in the introduction, only the transverse 
resonance analysis will be presented for this structure 
because of the strong mutual coupling between neigh- 
boring teeth. 


A. Transverse Resonance Analysis 


The geometry of the array of teeth located on the 
center fin of trough waveguide is shown in Fig. 7(a). 
The transverse transmission direction, along which the 
transverse resonance is performed, is again in the direc- 
tion shown as x in Fig. 7(a), as in the case of the array 
of holes. The form of the transverse equivalent network 
is not as straightforward in this case, however. The form 
shown in Fig. 7(b) is an approximate one, but one which 
is capable of high accuracy, nevertheless. 

The transversely propagating wave is different in 
character in the two regions, one of width s and the 
other of width /. In the former region, the wave is simi- 
lar to that for the case of the array of holes; it consists 
of two component TEM waves, one in the upper and 
one in the lower parallel plate region, with oppositely 
directed electric fields and traveling together at an 
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Fig. 7—Transverse resonance analysis of array of teeth. (a) Array 
of teeth. (b) Transverse equivalent network. 


arbitrary angle with respect to the x direction. This 
angle is alternatively represented by the fact that the 
wavenumber &; is different from k. The second region, 
whose cross-section is shown in Fig. 11(a) of the appen- 
dix, can be designated as a multistrip transmission line 
region. In this region, the transversely propagating 
wave is constrained to travel in the x direction, so that 
the wavenumber becomes equal to k. The resonance of 
the transverse equivalent network yields the resultant 
value of k:. 

The approximation in the network of Fig. 7(b) occurs 
in the representation of the junction between the line 
characterized by Z; and &; and that by Z and k. This 
junction is very difficult to analyze theoretically, and 
one rigorous representation for it specifies the locations 
of the input and output reference planes and includes 
an ideal transformer between them. The approximation 
employed here sets the transformer turns ratio equal to 
unity and places the input and output reference planes 
at the same location; these planes are not located at the 
physical junction plane, as would occur if the junction 
effect were negligible, but rather are both shifted a dis- 


tance 6; into the multistrip region. This choice of ap- 


proximation was motivated by the fact that this form is 
actually rigorously correct for a certain junction which 
is a simplification of the structure obtained by taking 
the Babinet dual of the actual junction. The ultimate 
justification for the approximation lies in the ability of 
the network to agree with the measured data; as will be 
seen below, this postulated simple form is quite accurate. 

As indicated by the network of Fig. 7(b), compensa- 
tion for the fringing field at the edge of the multistrip 
region is made by extending the strips a distance 6: and 
terminating them by a magnetic wall. The same type of 
compensation for the fringing field was performed for 
the edge of the fin in the case of the array of holes. How- 
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ever, since the structures are different the amounts of 
shift are different, and for the multistrip line the value 
is not known. 

The resonance relation is obtained readily from the 
network of Fig. 7(b) by choosing a convenient reference 
plane and equating to zero the sum of the input imped- 
ances seen looking in both directions away from the ref- 
erence plane. One finds for the resonance relation 


ib, 
tan k,D = 7 conke, (18) 


t 
where the symbols are defined in Fig. 7(b). The ratio of 
characteristic impedances occurring in (18) is evaluated 
in the appendix; substitution of this result into (18) 
yields 
kt p ah 
tan k;D = a1 + — In csc =| cot kL, (19) 
k ab 2p 
where the new symbols are defined in Fig. 7(a). Eq. (19) 
is seen to be a simple transcendental equation for Ry. 
When the resultant wave propagating along the loaded 
trough waveguide is a fast wave, k; is real. When this 
wave is a slow wave, however, &; is imaginary and (19) 


takes the form 
k | 


tanh | Be | D = — 
k ad 


Th 
In csc = cot kL. = 20) 
2p 


The guide wavelength \, of the resulting wave propagat- 
ing along the loaded trough waveguide (in the z direc- 
tion) is then obtained from (15). 

Before numerical values can be obtained from (19) 
or (20), the values of 5; and 6 occurring in D and L must 
be specified. Since the theoretical determination of 
these quantities seems a formidable task, an empirical 
procedure was used for their evaluation. It is first recog- 
nized that for a very slow wave the propagation char- 
acteristics are essentially independent of the value of 
D, as seen from (20). Hence, by comparing the theo- 
retical and experimental values of \/h, for a very slow 
wave situation, the value of 6.—6: can be determined. 
Once this is known, 6; is found by proceeding similarly 
for a wave which is very fast, using (19) rather than 
(20). The actual experimental points to which compari- 
son was made are the two extreme points on the s/b 
—1.25 curve of Fig. 8. The values of 6; and 6, obtained 
from these two points are 6:=.26, 6.=.22. All of the 
theoretical curves of Figs. 8, 9, and 10 were computed 
using these two values. 


B. Comparison with Measurement 


Measurements of the propagation characteristics of 
trough waveguide loaded by an array of teeth attached 
to the center fin were made over a rather wide range of 
dimensional values and frequencies. The results of these 
measurements are plotted as individual points on Figs. 
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Fig. 8—Effect of center fin width on guide wavelength of 
periodically toothed trough waveguide. 


8, 9, and 10. Although the abscissa scale is labeled b/X, 
b was maintained constant throughout the series of 
measurements. 

The corresponding theoretical values appear on these 
figures as solid lines. These values are computed from 
(19) or (20) together with (15), and in all cases the 
values of 6; and 62 discussed above were employed. Very 
good agreement can be noted between the measured 
and theoretical values for all cases. This order of agree- 
ment over such a wide range of parameter values testi- 
fies to the correctness of the postulated simple form for 
the transverse equivalent network of Fig. 7(b). It 
should also be noted that this simple form permits a 
rapid calculation of the propagation characteristics. 

Since the \/A, or c/v values in Figs. 8, 9, and 10 range 
both above and below unity, the wave can be either 
slow or fast. Furthermore, as seen in Fig. 8, the slope of 
the curve can be varied considerably, yielding a narrow 
pass band, if desired. The versatility exhibited in Fig. 8 
is obtained by changing only the width s of the sup- 
porting fin; a smaller center fin yields a narrower pass 
band. From Fig. 9, one notes that large variations in 
performance follow from changes in the lengths h of the 
teeth. In Fig. 10 it is seen that changes in the periodicity 
of the teeth tend to lift the whole curve up or down. The 
lowest curve of Fig. 10 corresponds to the case for which 
the teeth are absent; the effect of the teeth is seen to be 
quite significant. 


APPENDIX 
Characteristic Impedance of Multistrip Transmission Line 


The toothed region of the trough waveguide loaded 
by the periodic array of teeth when viewed in the trans- 
verse direction has been designated as a multistrip 
transmission line. In the derivation of the transverse 
resonance relation for this structure it is necessary to 
have available a simple analytical expression for the 
characteristic impedance of this multistrip line. A rigor- 
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Fig. 9—Effect of tooth height on guide wavelength of 
periodically toothed trough waveguide. 
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Fig. 10—Effect of tooth spacing on guide wavelength of 
periodically toothed trough waveguide. 


ous conformal mapping result can be obtained but it is 
too cumbefsome for use in the transverse resonance re- 
lation. However, a simple but highly accurate expression 
is derived in the manner described below. 

A cross section of the multistrip line is shown in Fig. 
11(a), together with typical electric field lines and a unit 
cell to indicate the periodic nature of the structure. In 
Fig. 11(b), this unit cell is shown bisected, enlarged, and 
placed on its side. From symmetry, the unit cell is 
bounded by magnetic walls as shown; the distribution of 
magnetic field lines in the cell is also indicated in the 
figure. The bisected unit cell can be represented by the 
equivalent network in Fig. 11(c), in which the distortion 
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Fig. 11—Development of network representation for unit cell of 
multistrip transmission line. (a) Cross section, showing unit cell 
and electric field lines. (b) Bisected unit cell placed on its side, 
showing magnetic field lines. (c) Equivalent network representing 
bisected unit cell. (d) Simplified equivalent network with modi- 
fied length of line. 


of the field lines is accounted for by the reactance X 
Since the reactance is equivalent to a short-circuited 


length of line, this equivalent network can be replaced 


by the simplified one of Fig. 11(d), which involves a 
modification in the line length. The additional length 
Ab of line is then related to the normalized reactance X’ 
by 


tan FinAb= XX’, (21) 


where k;» represents the transverse wavenumber of the 
multistrip line. 

The reactance X’ can be evaluated by employing a 
Babinet equivalence. The original structure, taken from 
the unit cell, is shown in Fig. 12(a), while its Babinet 
dual structure is given in Fig. 12(b). It is noted that in 
the duality process the magnetic and electric walls are 
interchanged, and the magnetic field lines of the original 
structure become the electric field lines of the dual struc- 
ture. The dual structure is readily seen to be a bisected 
capacitive slit whose normalized susceptance B’ is given 
by® 

wh 
ig @sCz 
2 


k tmP 


a 


ie (22) 


since the guide wavelength of the wave “incident” on the 
slit is Nim(=27/Rim). But, by the Babinet equivalence, 


6 N. Marcuvitz, “Waveguide Handbook,” Rad. Lab. Ser., vol. 


10, McGraw-Hill Book Company, Inc., New York, N. Y., p. 218, 


eq. 2(a); 1951. Only the static contribution of 2(a) is used. 
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Fig. 12—Reactance structure and its Babinet dual. (a) Reactance 
structure. (b) Babinet dual structure. 


the normalized reactance X’ of the original structure is 
equal to B’ of (22). Furthermore, since Rim is the trans- 
verse wavenumber of a TEM mode (along the multi- 
strip line), Rim=0. Thus, in relation (21), the tan can be 
replaced by its argument, the k; values cancel when (22) 
is employed for X’, and one obtains 


at 
— In csc — - 
7 D 


Ab = (23) 


The characteristic impedance of the bisected unit cell 
represented by the network of Fig. 11(d) is 


b+ Ab 
Zy = 1207 z : 


(24) 


From Fig. 11(a) it is seen that the unbisected unit cell 
consists of two bisected cells in parallel, so that the char- 
acteristic impedance Z of the complete unit cell is 


(25) 


26 2 wh 
Z= 30e| + —In cso ™ |, 

Pp 7 2p 
after substitution is made for Ad from (23). 
The application to the transverse resonance relation 
(18) requires not Z alone, but its ratio to Z;, the char- 
acteristic impedance of the structure obtained when the 
array of center strips of Fig. 11(a) is replaced by a con- 
tinuous conducting sheet, but for a wave traveling in the 
direction of the strips with wavenumber k; rather than 
k. The value of Z;, normalized to the same unit cell, is 

given by 

os ray —1) (26) 


t 


since the propagating mode is an H mode. From (25) 
and (26) one obtains finally 


Yh, ky p mt 

———= = 1+ Fmese™ |, 

Zt k rb 2p 
Relation (27) was the form employed for Z/Z;, in the 
step from (18) to (19). 


The variation of the bracketed quantity in (27) with 
2b/p is shown in Fig. 13, with t/p as a parameter. For 


(27) 
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Fig. 13—Theoretical values for the characteristic 
impedance of multistrip line. 
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wide strips this quantity is nearly unity. Also included 
in Fig. 13 is the corresponding result obtained from a 
rigorous conformal mapping.’ The rigorous result is too 
cumbersome in form to be useful in the transverse reso- 
nance procedure, but one sees from the comparison in 
Fig. 13 that the approximate result (27) is extremely ac- 
curate over a wide range of parameter values. It is also 
interesting that in the range in which the two results 
begin to disagree, the accuracy of the tables required for 
the rigorous result becomes poor, so that asymptotic ex- 
pressions must be employed for the functions involved 
and the rigorous result becomes more difficult to com- 
pute from. However, in this range the geometric propor- 
tions of the multistrip line are such that other approxi- 
mations become suitable. 


7 C. A. Hachemeister, “The Impedance and Fields of Some TEM 
Mode Transmission Lines,” Rep. R-623-57, PIB-551, Microwave 
Res. Inst., Polytechnic Institute of Brooklyn, N. Y.; April 16, 1958. 


A Study of a Serrated Ridge Waveguide* 


H. S. KIRSCHBAUMf# anp R. TSU{ 


Summary—The serrated, or periodically slotted ridge produces a 
periodic loading which retards the phase velocity of the wave in a 
waveguide. Such structures may be used to provide a variable index 
of refraction for microwave lenses and as elements in microwave 
filters. Two approaches are presented in this paper giving the fre- 
quency dependence of the index of refraction. One is based on 
equivalent circuit representations which are qualitatively valid for 
the effect of the loading. Circuit parameters which determine the 
shape of the index of refraction curve are calculated from the experi- 
mental data. The other approach providing a purely analytic expres- 
sion of the index of refraction is derived by a field matching method. 
Calculations show good agreement with test data. 


INTRODUCTION 


SERRATED ridge waveguide is a ridge wave- 
A guide with slots cut periodically in the ridge, the 

slots being transverse to the direction of propaga- 
tion. The periodicity of the slotting is very small com- 
pared to the width of the waveguide, being about 12 per 
cent of the guide width for those cases studied experi- 
mentally. 


* Manuscript received by the PGMTT, May 23, 1958; revised 
manuscript received, August 4, 1958. The work described was done, 
in part, under contract between The Ohio State Univ. Res. Found. 
and the Sperry Gyroscope Co., Div. of Sperry Rand Corp., Great 
Neck, L. I., N. Y. 

} Battelle Memorial Inst., Columbus, Ohio. Formerly The Ohio 
State University, Columbus, Ohio. 

t The Ohio State University, Columbus, Ohio. 


The purpose of slotting the ridge is to add reactive 
loading in the guide in order to decrease the phase ve- 
locity of the wave. The degree of reduction in phase- 
velocity depends upon the degree of loading. Such a 
structure can be used as a means of obtaining a large 
range of refractive index for use in microwave lenses.1»2 
It may also be used in microwave filter circuitry. 

This paper presents a description of two approaches 
to the evaluation of the index of refraction from the sig- 
nificant dimensions of the guide and its ridge. The first 
of these is a heuristic approach which seeks to explain 
the behavior of the guide on the basis of physical reason- 
ing. This leads to two possible transmission line equiva- 
lences for the serrated ridge guide, from which the index 
of refraction can be calculated. This is essentially a 
semiempirical approach. It enables one to extend the 
range of knowledge about this structure through the 
performance of a few judiciously chosen experiments. 
The second approach involves an attempt to solve the 
wave equation for the propagation constant in the axial 
direction of the guide, through the expedient of field 


1R. L. Smedes, “High efficiency microwave lens,” Sperry Eng. 
Rev., vol. 9, pp. 1-10; May-June, 1956. hee 

* E. K. Proctor, “Methods of reducing chromatic aberration in 
metal plate microwave lenses,” IRE TRANS. ON ANTENNAS AND 
PROPAGATION, vol. AP-6, pp. 231-239; July, 1958. 
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matching at certain selected boundaries in the guide. 
The method is based in part in the selection of an as- 
sumed set of hybrid fields to be used in the matching 
procedure. The method is by no means rigorous and can 
only be justified by results. 

In the case of the first approach, the serrated ridge 
waveguide is viewed as a ridge waveguide having a short 
ridge, upon which posts are placed periodically. Since 
the periodicity is small, it is assumed that the structure 
is infinitesimally distributed with series LC loading 
across the waveguide. With this assumption an equation 
for the index of refraction is calculated which contains 
the static capacitive loading of the posts and the upper 
cutoff frequency as two parameters. These parameters 
are found from experimental data. The second trans- 
mission line equivalence? is viewed as a transmission line 
corresponding to a ridge waveguide with a full height 
ridge which is series loaded periodically with short- 
circuited stubs. The index of refraction calculated from 
also fits experimental data fairly closely. 

In the second approach, two major assumptions are 
made with regard to the wave numbers in the directions 
transverse to the guide axis. These are as follows (see 
Fig. 1): 

a) The wave number k,; associated with a pure ridged- 
guide for the dominant TE mode remains unaltered by 
the introduction of the slots periodically; and, 

b) At frequencies near cutoff, the structure acts as if 
the slots were not present. In other words it is assumed 
that the wave number k, is the same as for the pure ridge 
case and that ky is zero at cutoff, taking on values only 
above cutoff. 

In addition a major assumption is made with regard 
to the nature of the fields in the guide. It is assumed that 
the transverse field components parallel to the top and 
bottom faces of the guide are negligible. 

Good agreement with experimental data seems to 
justify these assumptions, and the results so obtained 
can be put into forms similar to those obtained by the 
semiempirical approach. 


ANALYSIS 
Shunt LC Loading 


A rectangular waveguide or a ridged waveguide can 
be represented by an equivalent transmission line inso- 
- far as the dominant mode is concerned. The serrated 
ridge loading structure of Fig. 2 may be looked at in 
either of two ways. In the first of these, it can be thought 
of as a ridged guide having a ridge height equal to (h-d). 
Set upon this ridge are closely spaced posts of height d. 
A single post partially crossing a waveguide looks very 
much like a series LC structure in the equivalent trans- 
mission line representation. Although there is undoubt- 
edly coupling between adjacent posts, this series LC 
circuit was added to the equivalent transmission line of 


8 J. R. Pierce, “Travelling Wave Tubes,” D. Van Nostrand Co., 
Inc., New York, N. Y., ch. IV; 1950. 
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Fig. 1—A section of a serrated ridged waveguide. 


Fig. 3—Equivalent shunt loading due to posts 
on ridge of height (h-d). 


the ridged guide in an attempt to see how closely such a 
loading element approximates the true situation. 

In this representation the loading consists of closely- 
spaced posts on a ridge of height (/-d). This loading is 
represented in Fig. 3 as uniformly distributed LC sec- 
tions. In this figure C is the capacitance per unit of axial 
length between the posts and the upper surface of the 
guide. The inductance L per unit length is such that its 
resonance with C accounts for the upper cutoff fre- 
quency characteristic of the index of refraction vs fre- 
quency curve. The series impedance and shunt admit- 
tance per unit length of the equivalent transmission line 
of the basic ridged guide are 

27n 


36.=— PY aa areal 1 
Zee = B _ (1) 


X is the free-space wavelength 
n is the intrinsic impedance of free space and is Mo/€o 
, is the cutoff wavelength of the ridged guide of ridge 
height (h-d). 
The shunt loading elements have a shunt admittance 
per unit length given by 
wC 2r C/E 


SeueNe re byt (3) 


where 


, 
Von 
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where f, is the series resonant frequency of the LC load- 
ing element. The shunt-loaded guide phase constant 1s 
then 


21 


Ben Sea ieee oa AI Leal Ve ala Vn) 
ie 
Qa he \2 C/€o 
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From this the index of refraction is 
WAZ C/e 
n= (/1-(<) ——— (S) 
Ne LG in 


In this expression X, is the cutoff-wavelength of a basic 
ridged guide of height (h-d) and f, is the upper cutoff 
frequency of the loaded ridged guide. Application of this 
expression to a particular example is shown shortly. 


Series Stub Loading 


A second way of looking at the loading structure is to 
view it as a ridge of full height #. Periodically this ridge 
is series-loaded with short-circuited stubs of length d. 
The equivalent circuit would be that of the transmission 
line series loaded with shorted stubs. Again there is 
probably coupling between stubs, but the simple stub 
is used to see how closely such a loading element can ap- 
proximate the true situation. 

The stub is characterized by two parameters, the 
characteristic impedance Z, of the stub, and the phase 
constant 6, of wave propagation down and back on the 
stub. The impedance Z, is in ohms per unit of length in 
the axial direction in the guide. Hence if mutual cou- 
pling between stubs were negligible, this would be the 
impedance looking into one stub divided by the distance 
between stubs. 

Eqs. (1) and (2) are applicable to this representation 
provided the cutoff wavelength corresponding to a ridge 
height / is substituted for d, in (2). To distinguish this 
cutoff wavelength from that (A,) for a ridge height of 
(h—-d), the cutoff wavelength for a ridge height h will be 
denoted X,’. Hence for this case, the stubs have a series 


impedance per unit of length given by 
Zie = Zy tan Bd (6) 


where @, is the phase constant for propagation down the 
slot, and Z, is the characteristic impedance of the slot 
per unit of length in the axial direction of the main 
guide. Thus the index of refraction is 


Qa/d 2r/d 


20n 
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This expression has the characteristic that for all 


values of d it gives the same lower cutoff frequency, as_ 


contrasted to (5). This difference may be superficial, 
since at the present time the parameters ¢, f,, Zs, and £; 
are obtained by getting the best fit with experimental 


datar 


Example 


Both of the above representations were fitted to the 
case d/h=0.700.4 The dimensions of the waveguide are 
listed in Fig. 5. The curves of Figs. 5 and 6 are plotted 
against frequency normalized to 2.72 kmc. This fre- 
quency is the experimentally obtained lower cutoff fre- 
quency. This frequency should correspond very closely 
to the value obtained from },’. 

In Fig. 4 there is plotted the experimentally obtained 


Fig. 4—Eauivalent series loading due to 
stubs in ridge of height h. 


function 1/n?—1+(A/A,)? against the normalized fre- 
quency (f/f.’)?. If (5) is a good representation, this 
function should be a straight line. As Fig. 5 shows, the 
representation of a shunt LC loading on a basic ridged 
guide of ridge height (h-d) is a very good one. The 
intercepts of this line with the coordinate axes give 
€o/c=1.0 and (f,/f-’)?=7.5. The LC resonant frequency 
calculated from this is 7.47 kmc, which corresponds to a 
wavelength of 4.02 cm. The depth of the slot is 0.89 cm, 
hence the slot is close to being \/4 wavelengths long at 
the upper cutoff frequency. 

The “goodness of fit” of the series stub loading cannot 
be determined as easily as for the shunt LC loading. 
Here a 6,d’ was used which made £,d’ equal to 7/2 at 
the upper cutoff frequency. This can be done by using 
8,;=2m/d and d’=(d-+a correction for end effects), or 
d’ =d and B, is somewhat greater than 27/X. In this par- 
ticular case for 8, =2m/)\, d’=1.13 d. The value of Z, 
cannot be found as easily as the parameters in the case 
of the first representation. 

Fig. 6 shows a plot of vs (f/f.’) with Z./7=1.2. This 
does not necessarily represent the best possible fit. Sev- 
eral values of Z, should be tried and the best fit chosen 
perhaps on the basis of minimizing the mean square of 
the deviation between the calculated curve and the ex- 
perimental curve. 

Both of these representations were tested for a wide 
variety of ridge and slot dimensions. Over most of the 
range of dimensional variation these representations 
gave very good results. However, when the top of the 


‘ Experimental data are based on unpublished data (S - 
erence 7220, 4559; 5440 Series) taken by the Mice Pievenees 
Diy,, Sperry Gyroscope Co., Div. of Sperry Rand Corp. 
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h = 0.500" 

d =0.350" 

w = 0.08" 
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t = 0.04" 
fo=2.72 kmc 


Fig. 5—Variation of 


ee) 


with normalized frequency squared. 


ridge approach too closely to the top of the guide, the 
simple equivalent circuits fail. This occurred for h/b 
greater than about 0.9. Both representations are of 
doubtful value near the upper cutoff frequency for d/h 
less than about 0.2, since the upper cutoff frequencies 
can no longer be accurately determined by extrapolating 
the shunt LC loading equivalent circuit. 


FreLp MatcHiInGc METHOD 


The problem of calculating » from the guide dimen- 
sion, is a boundary value problem with periodic bound- 
ary conditions. A rigorous method for this type of prob- 
lem that leads to an exact and useful solution has not 
yet been developed. 

This section develops a rather simple expression for 
the propagation constant of the dominant wave based 
on an assumed approximate set of fields matched over 
the mutual boundaries of different regions. The method 
in general is by no means rigorous, and the assumption 
made can only be justified by results. 

Let k,, Ry and k, be the wave numbers associated with 
a solution of the wave equation in the rectangular co- 
ordinates with directions respectively as shown in Fig. 1, 


then 
hat hy? + ke = FB? (8) 


where & is the free space wave number. The two major 
assumptions are as follows: 
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Fig. 6—Comparison of test data with result of calculations. 


a) The wave number k, associated with a pure ridge 
guide for the dominant TE mode remains unaltered by 
the introduction of slots periodically. 

b) At cutoff the wave number , is zero and takes on 
values only above cutoff. Good agreement with experi- 
mental data seems to have justified the validity of these 
assumptions. 


In order to seek a set of fields that will satisfy the two 
assumptions, E, is assumed to be negligible. Due to the 
periodicity of the boundary, higher order periodic modes 
are excited®* and the excited waves are periodic in the 
form of Floquet’s solution, 


ao 


F(x, y) z) es DE, ALF x; ayei eet Pant) (9) 
27n © 
Bgn = Bgo + are ‘ (10) 


where Bgy is the propagation constant of the dominant 
mode, I is the period of serration, and is any integer. 

Let the entire waveguide in one period be divided into 
four regions as shown in Fig. 7. Instead of solving the 


wave equation 
OE, 


Ox? 


One 
ay? 


= (Bgn” aa k?) Ez 


5 L. Brillouin, “Waveguides for slow waves,” J. Appl. Phys., vol. 


19, pp. 1023-1041; November, 1948. Ast 
éL. Brillouin, “Wave Propagation in Periodic Structures,” 


Dover Publications, Inc., New York, INS Yeu 1998; 
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for an E, that satisfies all the boundary conditions, an 
approximate set of fields are chosen which satisfy the 
wall boundaries and which leave the mutual boundaries 
open for matching. In the following equations, the left 
hand subscripts denote the region under consideration. 


Fig. 7—Showing regions into which guide is divided. 
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Region (2): Outside of (1) and (3), above y=0 
—t/2<x<t/2 

Region (3) :; —d<y<0 
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2<W 
Region (4): Outside of (1) and (3), below y=0. 


In region (1), consistent with the assumptions, the 
fields are 


>> An sinh hy,(b’ — y) cos kawe™ iBone 


iE, = 
ae 2 , : , 
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oe [: is ©) (12) 


In (11), the hyperbolic function for the y variation is due 
to the choice of sign of k,,? in (12). The fields in region 
(2) and (4) can be derived similar to the fields in region 
(1). Due to the assumption that ky,=0 at cutoff, it can 
be shown’ that these fields will lead to a cutoff condition 


TR. Tsu, “Analysis of a Serrated Ridged Waveguide,” Antenna 
“ee The Ohio State Univ. Res. Found., Rep. 744-4; December 31, 
1957. 
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in accordance with that of a pure ridge guide of ridge 
height # derived by Cohn® or Hopfer.® In other words 
the wave number &, is equal to the cutoff wave number 
bss Dar Neve 

If a standing wave due to reflection at Y= —d, to- 
gether with higher order attenuated modes, is assumed 
for the fields in region (3), then 


3H, = Co cos kzx sin K(y + d) 
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m=1jJ0L Ym WwW 
2 ma /W mre 
sEy = >) / ‘m SIN cos kzxevm¥ (13) 
m=1 Ym 
where 


ee k 2 a (=) kh? 
Ym x W - 


For m> 0, if the period is much smaller than the wave- 
length, Ym becomes real and is approximately mzx/W. 
This means the higher order modes are attenuated 
rapidly, as they travel down into the slot and is the 
reason reflection at y=—d is not required for m>0 
msctsye 

Going back to the guide constant Bg,, for n+0, 
Bgn~2an/l. These rapidly phase changing modes are 
essential in order to satisfy the periodic boundary con- 
dition. 

To match the fields in region (1) with the slot wave, a 
variational technique is used. The fields 1E, and 32. 
must be equal to a field E defined over the common 
boundary from 0 to W, and 1H, must be equal to 3H, 


over the slot opening. Together with (11) through (13), 
there results 


8S. B. Cohn, “Properties of ridge wave uide,” Proc. IRE, vol. 
35, pp. 783-788; August, 1947. : me 

* S. Hopfer, “The design of ridged waveguides,” IRE TRANs. ON 
te THEORY AND TECHNIQUES, vol. MTT-3, pp. 20-29; Oc- 
‘ober, : 
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Eq. (14) is in the variational form such that 
coth k,,b’/k,, is stationary with respect to small varia- 
tion of E from its corrected value.” }o7/_.. denotes sum- 
mation from — © to © without the term ”=0. Similarly 
another variational form in terms of the H field can be 
formulated, however, results will be obtained from (14). 

A very simple expression results if the trial field is 
taken to be unity, or E=1. In this case (14) gives 


2anb! 
13 coth 

l cot Kd 2 2arnW 
= = —_—____—_—|1-— cos ) 
a: ea 2r?n®W? 1 

coth ky,b 

- “=0, (15) 
Ryo 


Bgn ~2an/I for n#0 is used to obtain (15). 

To identify the meaning of each term in (15), it is 
interesting to note that the first term is the normalized 
admittance of the slot, the last term is the normalized 
admittance due to the fields above the teeth, and the 
middle term can be regarded as a discontinuity admit- 
tance 7: due to a step in the y-direction as shown in 
Fig. 8(a). Eq. (15) does not give satisfactory results 
since the trial field of unity drops out the term involving 
summation over m. According to Fig. 8(b), we can 
identify this missing term as being the step discontinu- 
ity admittance yz due to a step in z-direction. Fig. 8(c) 
represents a step discontinuity admittance 3 due to a 
step in x-direction if the field E, were not assumed to be 
zero. Hence if the rest of the discontinuity admittances 
be added to (15), there results 


2rnb’ 
1 cot Kd ee ke 
co oe 
— = oe (=) dae 2h Se 
W K ee W Qr'n® 


(16) 


Yo 


2anW coth ky,b’ 
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To find ye, the discontinuity capacitance per unit length 
for a symmetrical step in 2 is C2=(€0/m) In csc (rW/2l). 
Thus the admittance 42 normalized with respect to 
—jwpl/K?W is 


10L, Lewin, “Advanced Theory of Waveguides,” Iliffe & Sons 
Ltd., London, Eng.; 1951. 
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Fig. 8—Discontinuity capacitances 1, y2 and ys. 
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The factor 1/W appears for all the quantities referring 
to the slot [see (16) |. Similarly, for the case shown in 
Fig. 8(c), the discontinuity capacitance per unit length 
C3= C2, and the admittance ys normalized with respect 


to 
Gre 
Weicee 


(=) (= — ) joo(2Cal) hd. 


The factor two in front of C3 is due to two step disconti- 
nuities at x= +#/2 in shunt, and the factor kd takes into 
account the slot depth because the total step disconti- 
nuity consists of all such elements in shunt from y=0 
to y=—d, These normalizations are required because 
of the form of the admittances appearing in (16). There- 
fore 


is given by 


l (C2/eo)l 1 (2C3/eo)lkd 


see Seer ere ek kA? 
i =) ie =) 
k k 


where C:=C3=(é0/m) In csc (tW/21) farads/meters. 
Rearranging (16), there results 


(17) 
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From (18), the propagation constant of the dominant 
mode can be calculated. Note that the term in the braces 
can easily be calculated for each given k, and a simple 
graph can be used to determine k,,. It is interesting to 
note that the index of refraction 
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“OO 
OG 
is of the same form as the shunt LC loading formula, 
and with a little rearranging, (19) becomes 
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which is identical in form to (7) derived from series stub 
loading consideration. The index of refraction calculated 
from (18) for the example given previously is also 
plotted in Fig. 6. 


CONCLUSIONS 


The equivalent circuit representations give a good 
physical picture for the effect of the loading although 
they are only qualitatively correct. Effort to correlate 
the loading parameters with the dimensions of the struc- 
ture was made; however," no simple relation seems to 
exist. On the other hand, the field matching results give 
the desired accuracy. It is worth noting that a better 
trial field for the variational expression, for example, a 
field that symmetrically goes to infinity at the extremi- 
ties of each slot, may be used. Further improvements, if 
desired, have to be made with a better set of hybrid 
fields without neglecting the field EZ, [see discussions 
prior to (16) ]. 


“ H. Kirschbaum and R. Tsu, “A Study of a Serrated Ridged 
Waveguide,” Antenna Lab., The Ohio State Univ. Res. Found., 
Rep. 744-2; July 31, 1957. 
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Design Considerations for High-Power 


Microwave Filters* 
SEYMOUR B. COHNt 


Summary—The need for high-power filters is reviewed briefly, 
and various design approaches are discussed. The major portion of 
the paper treats the power-handling capacity of multiple-resonator 
filters using inductive windows or posts as coupling elements. A 
_ formula is derived that gives the relative power capacity of a wave- 
guide filter of this type in terms of the bandwidth and cavity dimen- 
sions, and the element values of the low-pass prototype filter. By 
means of this formula it is shown quantitatively how high-power 
ratings may be achieved through the use of enlarged cavities. Meth- 
ods for eliminating spurious filter responses and of reducing the re- 
flected energy are discussed. 


I. INTRODUCTION 


with each other even when operating at different 
frequencies. This interchannel interference can arise 
from the generation and radiation of large amounts of 
RF energy outside of the operating bandwidth Oba 
transmitter, or it can be the result of inadequate RF se- 
lectivity in a receiver. For example, magnetrons are 
known to produce strong harmonics, and are also likely 
to emit spurious “moding” energy at frequencies that 
are not harmonically related to the fundamental fre- 
quency. Some of these unwanted components may be at 
a level only 20 db below the fundamental, and hence are 
capable of causing serious interference to receivers in 
other systems. Fortunately, interchannel interference 
can be eliminated through the use of RF filters. High- 
power filters may be used between a generator and an 
antenna to prevent the radiation of signals outside the 
operating bandwidth, and low-power filters may be used 
at the input of a receiver to prevent the entrance of 
strong signals of undesired frequency. A discussion of 
filters in the high-power class is given in this paper. Low- 
power filters represent less of a problem, and consider- 
able design information may be found in the literature. 
In the design of filters intended for high-power appli- 
cations, one must prevent electric field strengths ap- 
proaching the breakdown point. Sharp edges in high- 
field-strength regions must therefore be avoided, and 
resonant buildup of the field must be limited to a safe 
value. One approach to the high-power filter problem 
has been made by Vogelman,! who has proposed a vary- 
ing-impedance waveguide structure in which the changes 


[ N the microwave range, equipments often interfere 


* Manuscript received by the PGMTT, August 1, 1958; revised 
manuscript received, August 28, 1958. The work described in this 
paper was supported by the U. S. Army Signal Eng. Labs. under 
Contract DA 36-039 SC-74862. : 

+ Stanford Res. Inst., Menlo Park, Calif. . 

1J. H. Vogelman, “High-power microwave filters, 1958 IRE 
NATIONAL CONVENTION RECORD, pt. 1, pp. 84-90. Also, High-power 
filters using higher-order-mode resonance,” presented at PGM Dele 
Natl. Symp., Stanford, Calif., May 7, 1958. 


of height are tapered rather than abrupt. Vogelman has 
shown how to compute the pass-band and spurious re- 
sponses of this filter and has verified experimentally its 
frequency response and high-power capability. A second 
approach has been used by Wheeler and Bachman? in 
which resonant irises and resonant posts are quarter- 
wave coupled in a waveguide to synthesize an m-derived 
band-pass filter. Breakdown is avoided by evacuating 
the filter, which greatly increases the breakdown field 
strength. A third approach proposed by Torgow® uses 
a circuit of hybrid junctions, loads, and waveguides of 
different cutoff frequencies to create pass bands and ab- 
sorbing bands. Since resonant elements are avoided, the 
power-handling capacity can be very high. A fourth ap- 
proach is to use the multiple-cavity type of band-pass 
filter, in which inductive windows or posts are used for 
coupling the waveguide resonators. The power-handling 
capacity of this configuration has been studied recently 
by the author of this paper, and it is shown here that 
this filter can have virtually as large a power rating as 
desired, up to the full rating of the terminating wave- 
guide. 


Il. PowER-HANDLING FORMULAS FOR 
MULTIPLE-RESONATOR FILTERS 


A multiple-resonator band-pass filter can be designed? 
to have the response function of a lumped-constant low- 
pass prototype filter, where, through an appropriate 
transformation, zero frequency for the latter corre- 
sponds to the center of the pass band for the former (see 
Fig. 1). Thus, with the proper choice of coupling-ele- 
ment values and cavity lengths, the waveguide filter and 
prototype filter of Fig. 2 are equivalent. In this figure, 
Qi, Za, °° °° Zi 1 Bn are element values of the proto- 
type filter (in farads for i odd and henries for 7 even), br 
is the height of the terminating guides, b1, bs, +: , 
bj, --° - , On are cavity heights, m1, M2, °°, Mi,***, 
m, are integers equal to the cavity lengths in half guide 
wavelengths, Er is the maximum electric field strength 
in the matched output waveguide, and wij vit eee 
E;,:--, E, are the maximum electric field strengths in 
the cavities. In terms of these quantities, the cavity 
field strengths at the center of the pass band are given 


27]. A. Wheeler and H. L. Bachman, “Evacuated waveguide 
filter for suppressing spurious transmission from high-power S-band 


radar,” this issue, p. 154. é j Bion 
3. N. Torgow, “Hybrid junction-cutoff waveguide filters,” this 
issue, p. 163. if 
4S, B. Cohn, “Direct-coupled-resonator filters,” Proc. IRE, vol. 
45, pp. 187-196; February, 1957. 
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Fig. 1—Correspondence between (a) low-pass prototype response and 
(b) equivalent band-pass response. 
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Fig. 2—Low-pass prototype filter and equivalent 
waveguide-cavity filter. 


by the following formula, which is derived in Section V: 


/ 
pea ay pee a (1) 
Ago m,rwb; 

where w= (fo—fi)/fo, and where w,’ = 2zf;' for the proto- 
type filter and f; and f2 for the band-pass filter are corre- 
sponding points of equal insertion loss (see Fig. 1). Note 
that wy’, fi, and fz may be taken as desired either at the 
edges of the pass band or at any insertion-loss level in 
the stop band. In this formula it is assumed that the 
waveguide width and guide wavelength are the same 
throughout. [See (14) for generalization of (1).] 

It is desirable in a high-power multiple-cavity filter to 
have equal electric field strengths in the cavities, since 
this condition maximizes the power-handling capacity 
for a given degree of selectivity. Examination of (1) 
shows that for cavities of equal size, the condition for 
equal electric field strength at the pass-band center is 
that gi, g2, - -- , gn all be the same. The response func- 
tion of the prototype low-pass filter for this special case 
is shown in Fig. 3 for various numbers of elements and 
with all values of g; set equal to unity.® It is seen that 
only the central portion of the pass band of the equiva- 


5 The portion of (1) under the square-root sign is actually dimen- 
sionless, since the units of gia’ are canceled by the prototype-filter 
load resistance that would appear in the expression if it had not been 
set equal to one ohm. 

6G. L, Ragan, “Microwave Transmission Circuits,” M.I.T. Rad. 
Lab. Ser., vol. 9, ch. 10, by A. W. Lawson and R. M. Fano, p. 681; 
McGraw-Hill Book Co., Inc., New York, N. Y.; 1948, 
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Fig. 3—Insertion-loss vs frequency response of multiple-cavity 
filter with g;=1. 


lent band-pass filter can be used if the insertion loss (due 
to reflection) is to be low. 

Fig. 4 shows how the electric field strengths vary with 
frequency for the case of g;=1 in the prototype filter. 
These curves were computed from the prototype filter, 
recognizing that the voltages across the capacitances 
and the currents through the inductances are propor- 
tional to the field strengths in the respective cavities. 
It is seen in Fig. 4 that the field strengths are equal only 
at w’=0, that is, at the center of the pass band of the 
equivalent band-pass filter. The power rating at any fre- 
quency with respect to the power capacity at band 
center is equal to the square of the reciprocal of the 
largest relative electric field strength at that frequency. 
Thus, for example, in the case of a four-cavity filter 
having g:=1, the power capacity at w’=0.4 is 80 per 
cent of that at w’=0, and at w’=1 it is 50 per cent. 

The power-handling capacity of the filter is defined 
best as a percentage of the power rating of the terminat- 
ing waveguide. Thus, if the filter and terminating wave- 
guide are under equal air pressure, the relative power 
capacity is as follows: 


: : Er\* 
relative power capacity = (=) -100 per cent, (2) 


v 


where £; is the largest of the cavity field-strength values 
in the filter at the frequency in question. Hence, 
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Fig. 4—Effect of frequency on electric field strengths in 
multiple-cavity filter with g;=1. 


relative power capacity 


m, rw; Ago ; 
bs adaoee, — -100 per cent. (3) 


in 2gw1br \ Xo 


The subscript 7 to be used in (3) is the number between 
1 and z that minimizes this expression for a given m-reso- 
nator filter. 

Examination of (1) shows that the cavity field 
strengths may be made equal even with unequal g; val- 
ues, if m; and 6; are also made variable in the filter. Thus 
the superior maximally flat or equal-ripple response 
functions may be utilized without impairing the power 
rating of the filter, if the different cavities are properly 
proportioned. The larger cavities, of course, will have 
an increased number of undesired resonances, but the 
smaller cavities will tend to suppress these in the over- 
all response. 


III]. CALCULATED EXAMPLES 


A few examples will now be given of the relative 
power capacity of typical filters. As a first example, 
assuming g;=1, wi’ =1, w=0.2, Ao/Ago = 0.8, m=2, and 
b;=br, (3) shows that at the center of the pass band the 
filter can be rated at 99 per cent of the power rating of 
the terminating waveguide. As a second example, as- 
sume that 40 db of insertion loss is required at the edges 
of a 20 per cent frequency band. For a four-cavity filter 
and g;=1, calculation shows that w1'=3.89 at the 40-db 
point of the prototype filter, and therefore wi’ = 3.89 and 
w=0.2 are corresponding values. Now if we assume 
Ao/Ago = 0.8, mi=2, and b;=2br, then the power rating 
at band center is 50.5 per cent of the power capacity of 
the terminating waveguide. 

As a comparison to the last example, consider the 
power rating of a four-cavity filter whose g; values are 
designed to yield a maximally flat response, with the 
40-db points still at the edges of a 20 per cent frequency 
band. (The necessary formulas can be found in the 
literature.)* Calculation shows that gi=gs=0.765, g2= 83 
=1.848, and that the 40-db point occurs at wy’ = 3.16. 
In this case, the largest field strength occurs in the mid- 
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dle cavities, and, assuming the same values of \o/Ago, 
m;, w, and b;/br as in the last example, the filter rating 
at band center is equal to 33.5 per cent of the power 
rating of the terminating waveguide. This should be 
compared with 50.5 per cent in the preceding example. 

Another interesting question is how the power rating 
of a multiple-resonator filter changes with the number of 
resonators when the stop-band bandwidth is held con- 
stant. The pass band bandwidth will increase with the 
number of resonators, approaching the stop-band band- 
width in the limit, and it is therefore clear that the power 
rating will also increase. A calculation has been carried 
out for the case of equal elements and the parameters of 
the second example with the following results: 


Number of Relative Power 


ow’ at 40-db Point 


Resonators Capacity (per cent) 
1 200 1.0 
2 14.16 13.9 
3 5.86 Bony 
4 3.89 50.5 
5 3.10 63.3 
6 2.70 atl 
100 2.00 98.1 


The advantage of using a large number of resonators is 
clearly evident. However, considerations of size, adjust- 
ment difficulty, and dissipation loss will place a limit 
of, perhaps, six to ten resonators in a practical filter. 


IV. SysTEM CONSIDERATIONS FOR 
HicH-PoOWER FILTERS 


It is evident from the preceding discussion that high- 
power filters are likely to have numerous undesired 
spurious responses. Fig. 5 shows how several filters in 
cascade may be used to eliminate spurious responses out 
to very high frequencies. The filter of smallest band- 
width, Filter 1, must have larger cavities than the others 
in order to carry the required power. As a result it will 
almost inevitably have a number of spurious responses 
in the range of interest. These spurious responses can be 
suppressed by one or more filters of greater bandwidth 
and more widely spaced spurious responses, as shown in 
the figure. 

The high-power band-pass filter considered above 
provides stop-band insertion loss through reflection of 
the incident energy. In some instances, this reflection 
may have an adverse effect on the power source, and the 
energy should be dissipated rather than reflected. As 
shown by the examples in Fig. 6, this may be done by 
means of a broad-band ferrite isolator, or by a circuit of 
hybrid junctions and a pair of identical band-pass filters 
so arranged as to divert the energy reflected from the 
filters into an auxiliary resistive load. Equivalent per- 
formance can be achieved by directional filters, which 
have the combined properties of directional couplers and 
of filters.” Directional filters would be particularly useful 


7S. B. Cohn and EF. S. Coale, “Directional channel-separation fil- 
ters,” Proc. IRE, vol. 44, pp. 1018-1024; August, 1956. 
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Fig. 5—Connection of filters in cascade to eliminate 
spurious responses, 
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Fig. 6—Suggested means for dissipating energy reflected from filter. 
Network in (a) utilizes a broad-band nonreciprocal isolator; net- 
work in (b) utilizes a pair of identical filters and hybrid junctions. 


for removing discrete spurious frequencies and dissipat- 
ing their energy into a load. 

It is believed that wide-bandwidth high-power filters 
can also be achieved by leaky-wall structures like that 
of Fig. 7. Near the desired operating frequency the holes 
would be waveguides below cutoff, and very little energy 
would leak through them. Above the cutoff frequency of 
the holes, the energy would pass through the holes and 
be absorbed in the surrounding lossy material. By hav- 
ing a sufficient number of holes on all four walls of the 
waveguide, it should be possible to obtain a stop band 
free of spurious responses in any waveguide mode up to 
a very high frequency. Of course the edges of the holes 
in the broad walls should be rounded to maximize the 
power capacity. 


V. DERIVATION OF FIELD-STRENGTH FORMULA 
FOR MULTIPLE-RESONATOR FILTER 


The following derivation is based on a previous analy- 
sis of multiple-resonator filters. In that analysis, the low- 
pass prototype filter of Fig. 2(a) was related to the 
waveguide filter of Fig. 2(b) by means of the intermedi- 
ary transmission-line circuit of Fig. 8. The equivalence 
of Fig. 8 to the waveguide filter is a direct one, with the 
lines of characteristic impedance Z,) and electrical 
length 180 degrees representing the cavity resonators at 
resonance, and the lines of characteristic impedance 
K;,i41 and electrical length 90 degrees representing the 
coupling susceptances at the proper reference planes. It 
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Fig. 7—Leaky-waveguide technique for dissipating unwanted 
energy above the desired signal frequency. 


has been shown? that the latter length is independent of 
frequency to the first order, and therefore the lines of 
characteristic impedance K;,;;1; act as impedance invert- 
ing transformers over a wide band of frequencies. The 
equivalence of Fig. 8 to the low-pass prototype filter de- 
pends upon the change in frequency variable shown in 
Bion 

For convenience in the analysis, the cavities and 
terminating lines are assumed to have equal character- 
istic impedance Zp, and the cavity electrical lengths at 
resonance are assumed to be 180 degrees. At a later 
point in the analysis these quantities will be generalized. 
Also, for convenience the various elements are numbered 
from the load end of the filter. 

Fig. 9 shows how the voltages and currents in the 
filter may be computed at the center frequency in terms 
of the voltage, Vr, across the load resistance. The phases 
of the various quantities are unimportant in this prob- 
lem, and therefore only magnitudes of the voltages and 
currents are shown. The following simple relations be- 
tween these magnitudes were used in the computation: 
for a 90-degree line of characteristic impedance Z,, 


Vex 
Vis = Zecl oat and vis = : 3 (4) 
and for a 180-degree line 
Vin = Vour and as — dS (5) 


Starting at the load end and proceeding back through 
the filter, one can verify the expressions in Fig. 9, and 
show that the voltages at the centers of the resonators 
are of the following form: 


i ZV r KoWV r 
ie SS => 
Ko ; Ki» 
ZK iV r Kou Ko3V p 
Vl te (6) 
Koiko3 Ky2K 34 
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Fig. 8—Equivalent circuit of a multiple-resonator filter. 
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Fig. 9—Voltage and current magnitudes in the equivalent 
multiple-resonator filter. 


In a waveguide filter the characteristic impedances 
K;.i41 are less than Zp and it is easily verified that the 
voltages V; correspond to the maximum voltages in the 
various cavities. 

The characteristic impedances K;,i+1 have been 
shown! to be related to the element values g; of the 
prototype filter by 


Ki, L 
ee ee oe a tow — el, (7) 
Zo V 8i8i41 
and 
Ko L 
we a. (8) 
Zo £1 


The formula for Kn,n41 is not as simple in general, but in 
the usual case of a symmetrical waveguide filter 
fe, 11 = Ko, (If an unsymmetrical waveguide filter is of 
interest, Ref. 4 should be consulted for the correct ex- 
pression for Kn,n41.) Subject to the assumption of half- 
wavelength cavities of height and width equal to that of 
the terminating waveguide, the parameter L is given by 


2 
i =~") (9) 
2w; No 
where w is the relative bandwidth (fs —fi)/fo, and fo, fi, 
fo, and w;’ are defined in Fig. 1. Ago and Xo are the guide 
wavelength and free-space wavelength at the center fre- 
quency. (A more accurate form of (9) has been given,’ 


but (9) is sufficiently accurate for power-capacity calcu- 
lations.) At this point the limitation on cavity length 
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and height may be removed. A study of the original 
derivation of (9) shows that 


i . mam (™*) 
2wybr \ Xo 


where m, is the length of the ith cavity in half guide 
wavelengths, b; is the height of the cavity, and br is the 
height of the terminating waveguide. Combination of 
the above formulas results in 


(10) 


San lie eR S 
Ve Var —=Vr a“ 4/ Pu To | tow (11) 
TE do m ww p 
The voltages are related to the field strengths by 
V; = E,b; and Vor = Erbr, (12) 
and hence 
ON 2 qW ati 
Peay 4 / (13) 
Ago mirwb; 


where Erp is the maximum electric field strength in the 
output waveguide, and £; is the maximum electric field 
strength in the 7th cavity. 

Eq. (13) assumes that the cavity widths and termi- 
nating-waveguide widths are all equal. If this restriction 
is removed, one can show that (13) becomes 


pr [eee | a ( Xo ) ia 
m,rwa;d; 2a T 
No 2-1/4 
cael 
2a; 


where a; is the width of the 7th cavity and ar the width 
of the terminating waveguide. 


ge 


(14) 


VI. CONCLUSIONS 


The coupled-resonator filters described in this paper 
are suited for use with high-power microwave tubes to 
suppress harmonics and spurious “moding” energy. The 
design techniques are believed to be sufficiently rigorous 
for practical structures, but are as yet unsupported by 
experimental verification. Further study of spurious pass 
bands and their elimination is desirable, and coupling 
configurations having optimum power capacity should 
be investigated. It is hoped that, despite their prelimi- 
nary nature, the findings in this paper will prove of 
value to the engineer working in this relatively new 
field of high-power filtering. 
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Evacuated Waveguide Filter for Suppressing 
Spurious Transmission from High- 


Power S-Band Radar* 


H. A. WHEELER} anp H. L. BACHMAN} 


Summary—A one-megawatt magnetron, used in a search radar, 
tunes over the S band of 3.1 to 3.5 kmc, and simultaneously causes 
interference in the band of 3.7 to 4.0 kmc by occasional oscillation in 
spurious modes. For insertion in the antenna line of this radar, a 
band-pass filter has been designed to provide over 120 db attenuation 
in the interference band. It is a wave filter with M-derived termina- 
tions for impedance matching and with three sections including traps 
resonant in the stop band, for high attenuation, all made of nine 
resonant irises spaced } wavelength in a waveguide. Each filter is 
sealed by pressure windows and evacuated to handle the high-power 
pulses. Two such filters are connected in parallel between 3-db di- 
rectional couplers to make a nonreflecting assembly. 


INTRODUCTION 
A ee FILTER to be described has been developed 


to meet some unusual requirements, by means of 

an advanced design in waveguide, together with 
special provisions to handle high-power pulses. The M-33 
Fire Control System contains a search radar which was 
found to cause interference with microwave relay links 
operating in a slightly higher frequency band. It was 
determined that the S-band magnetron, which is in- 
tended to oscillate in the 8-mode (or pi-mode), trans- 
mits also some spurious high-power pulses on a higher 
frequency corresponding to the 7-mode. Therefore, a 
filter was needed to suppress the spurious pulses while 
passing the normal pulses. 

The most severe requirement of this filter is the trans- 
mission of high-power (one-megawatt) pulses through 
the resonant circuits that form the filter. This dictated 
the use of a waveguide structure with special provisions 
for handling the high electric gradients (such as a 
vacuum). The required amount of attenuation is ob- 
tained in the waveguide environment by structural ele- 
ments simulating a carefully computed lumped circuit. 
The further requirement of avoiding substantial reflec- 
tion is met by assembling a pair of such filters between 
two directional-coupler hybrid junctions. This arrange- 
ment is patterned after the well-known balanced du- 
plexer, which behaves as a nonreflecting filter below the 
power level of breakdown within the filter structure. 
Here the interior will be evacuated to an unusually high 
degree to preclude breakdown in the dielectric space. 

This paper presents a general description of the non- 
reflecting filter assembly, a complete description of the 


* Manuscript received by the PGMTT, May 14, 1958; revised 
manuscript received, July 28, 1958. More comprehensive formulas 
and rules are available from the authors on request. 
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wave filter with design formulas, a procedure for realiz- 
ing such a filter in a waveguide structure, and the results 
obtained in a practical design. A particular feature is 
the evaluation of the reactance arms of the filter in a 
form normalized for resonators in a waveguide, and 
suited for testing the realization of these arms. 


ATTENUATION 


(oe) 
te} 
Le} 


STOPBAND 


PASSBAND 


Fig. 1—Attenuation over frequency range. 


Fig. 1 is a frequency diagram showing the basis for 
specifying and realizing the required attenuation. The 
principal frequency bands are the pass band in which 
no attenuation is desired and the stop band in which 
high attenuation is desired. 

The frequency band of the radar is 3.1-3.5 kmc. A 
nominal pass band was chosen, 1.25 times as wide, be- 
tween cutoff frequencies of 3.05 and 3.55 kmc. The inter- 
ference band or stop band was designated as 3.7—4.0 kmc 
which covers the overlap between the 7-mode band 
(3.50-3.95 approx) and the TD-2 relay band (3.70- 
4.20). The objective of high attenuation over the inter- 
ference band was satisfied with a computed attenuation 
greater than 120 db. 

After a list of symbols, there will be a general descrip- 
tion of the complete filter arrangement and its capabili- 
ties, followed by the formulas for the filter sections and 
the computations for the present purpose. 


SYMBOLS 


R=mid-series image resistance at midband 
G=mid-shunt image conductance at midband 

jG =impedance inverter based on G 
L=inductance in arm of half-section 
C=capacitance in arm of half-section 

Co, Lo=elements of series arm of constant-K half- 
section 

X =reactance of series arm of half-section 
B=susceptance of shunt arm of half-section 


b= B/G=susceptance ratio (normalized suscept- 
ance) 


3 


- 
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av |b| =average magnitude of b at fi and fs 
Q=wL/R of series resonance 
Q=wC/G of shunt resonance 
w = 2af =radian frequency 
f=cycle frequency 
f-=cutoff frequency of low-pass analog 
fo = trap frequency of low-pass analog 
fo= Vfifa=midfrequency of pass band 
fo= ~V/frfs=midfrequency of stop band 
Ao = wavelength in waveguide at fo 
m=parameter of M-derived half-section 
type) 
ms = parameter of derived half-section (V type) 
a@=attenuation of half-section (on image basis) 
(napiers) 
exp—a=response ratio of symmetric section 
=output/input ratio of voltage or current 
sub-0 = midband 
sub-1, 2=cutoff frequency at edge of nominal pass 
band 
sub-3, 4=trap frequency (VI type) 
sub-7, 8=edge of stop band (V type) 
sub-4, 4a, 4b, 4c=trap frequency (V type) 
sub-5, a, b, c=series arm of derived half-section (V 
type) 
sub-oa, ab, bc, oc=full-shunt arm made of the two mid- 
shunt arms at junction of two different half-sections 
Type IV =constant-K band-pass filter (no trap frequen- 
cies) 
Type VI = M-derived band-pass filter (symmetrical trap 
frequencies) 
Type V=band-pass filter with single trap frequency 
above the band. 


(VI 


Tue NONREFLECTING ASSEMBLY 


A wave filter attenuates by reflection. It happens that 
a magnetron will emit even more spurious pulses if the 
load presents too much reflection in the frequency 
range of these pulses. Therefore, the solution of the pres- 
ent problem requires a nonreflecting filter assembly. 
This result is achieved by using a matched pair of wave 
filters in a certain environment based on well-known 
principles. 


IN DIRECTIONAL- Wave FILTER DIRECTIONAL- 
COUPLER put | |r (3-DB) 
HYBRID HYBRID 
JUNCTION WAVE FILTER JUNCTION our 


EVACUATED UNIT 


Fig. 2—Diagram of nonreflecting filter assembly. 


Fig. 2 shows the essentials of the nonreflecting filter 
assembly, patterned after the balanced duplexer. Two 
identical wave filters are connected between input and 
output terminal junctions, each being a four-port with 
one of its ports connected to a dummy load. 

Each terminal junction is essentially a hybrid junc- 
tion supplemented by a phase difference of 90° between 
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one pair of ports and the other pair. These properties are 
combined in the well-known 3-db directional coupler, so 
this component is utilized. 

The resulting assembly retains the transmission and 
attenuation properties of the wave filters because the 
pair of filters are essentially connected in parallel be- 
tween the indicated input and output ports. However, 
the reflections from the two filters at either end are 
canceled out, as seen from the input or output port, and 
the reflected power is diverted to the dummy load at the 
corresponding end. In this way, the complete assembly 
becomes a nonreflecting filter. 

The entire nonreflecting filter in its operating environ- 
ment is shown in a more recent presentation by R. D. 
Campbell, dealing with the operational situation that 
requires this filter [19]. 


THE WAVE FILTER 


The wave filter is essentially a band-pass filter de- 
signed on the basis of image parameters. It comprises a 
number of sections chosen to meet the requirements 
with economy in the number of parts. It is embodied in 
a waveguide structure by means of several specialized 
irises with proper spacing. 


Fig. 3—Photo of wave filter (top removed). 


Fig. 3 shows the type of construction used for each 
wave filter. As will be explained further on, the filter is 
to be evacuated to prevent breakdown in the dielectric 
space, so it is constructed in a waveguide section suit- 
able for sealing with pressure windows at the ends. The 
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internal pieces comprise the irises which make the filter. 
(This particular structure is a preliminary model which 
differs from the final design in minor details, especially 
in having thicker internal partitions.) 

Fig. 4 shows the equivalent lumped networks which 
form the basis for the waveguide structure. In a wave- 
guide, shunt arms are easy to make because they can be 
inserted while the walls remain intact, while series arms 
are very difficult, requiring breaks in the walls and the 
addition of external parts. Fig. 4(a) shows how the com- 
plete filter is made of shunt arms in a waveguide, while 
4(b) shows the equivalent ladder network of shunt and 
series arms. 

The waveguide form in Fig. 4(a) obtains the effect of 
shunt and series arms by using shunt arms spaced 4 
wavelength in the guide. This is a well-known principle, 
exemplified in evacuated TR tubes that formed the 
background of the present development. 

Each of the arms of the filter is resonant in the pass 
band. Alternate arms are also antiresonant at one or two 
trap frequencies just outside the pass band. In the end 
arms, the trap frequencies are used for image-impedance 
matching over the useful part of the pass band. In the 
intermediate arms, the trap frequencies are used for 
high attenuation in the stop band. 

Next there will be presented in some detail the design 
of the wave filter. 


IMAGE-PARAMETER DESIGN 


The time-honored image-parameter viewpoint of 
Campbell and Zobel, as summarized by Shea, offers the 
only practical method for designing a filter of this degree 
of complexity [1, 2]. There are 25 lumped constants to 
be computed. There is no symmetry about the pass 
band, so we cannot use a low-pass analog to reduce to 
one-half the number of constants to be evaluated. The 
pass band and stop band are of such width and prox- 
imity that no simplifying assumptions are valid. The 
large number of elements makes it necessary to compute 
each one within close tolerances. The method of image 
parameters enables straightforward computations with 
reasonable simplicity. 

Fig. 4 shows the complete filter arrangement to be 
computed, while Fig. 1 shows the attenuation pattern 
to be obtained. The kind of sections and the number of 
sections have been chosen to meet the requirements of 
this development, considering various factors that will 
be mentioned. 

The filter is shown as a succession of shunt arms (9 as 
required for 8 contiguous half-sections) separated by 
quarter-wave sections or inverters. This is common 
practice in waveguides. Two types of sections are used. 
Most of the attenuation is provided by 3 sections of V 
type, a double-tuned section with a trap frequency 
above the pass band. At each end, impedance matching 
is provided by a half-section of the well-known M-de- 
rived VI type [1, 2]. These type designations are the 
customary ones based on the number of elements in one 
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(a) Complete filter with inverters. 
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(b) Equivalent filter in ladder form. 
Fig. 4—Complete band-pass wave filter of eight half-sections. 


half-section (5 and 6 in these cases). 

The attenuation pattern shows the nominal pass band 
(between cutoff frequencies) and the basis for defining 
the stop band (including 3 trap frequencies). In the pres- 
ent case, these bands are specified as mentioned above 
and in the example computed below. The two trap fre- 
quencies just above and below the pass band are deter- 
mined by the impedance-matching requirement in the 
end half-sections. 

The immediate purpose is to give the formulas for 
computing the lumped reactance arms in this filter. 
They will be evaluated in terms of shunt susceptance, 
this being suitable for realization and testing in shunt 
arms in a waveguide. This is the most direct way of 
specifying the required properties of the reactance arms 
which make up the filter. 

Referring to the problem of voltage breakdown, the 
voltage at all the shunt arms, except the end arms, in- 
creases near the cutoff frequencies. This is a result of 
the increasing image resistance at these junctions. By 
using only 0.8 of the nominal pass band, the ratio of 
excess voltage, relative to midband, is held down to 
about 1.3, for the same pulse power. 

In the pass band, the principal problem is impedance 
matching, which means avoiding reflections in the “con- 
fluent” wave filter. Dissipative attenuation is less im- 
portant, except near the cutoff frequencies. In general, 
it is proportional to the phase slope and to the average 
dissipation factor of all the reactance elements. These 
factors combine to make such attenuation negligible 
over the utilized fraction of the pass band, so it is ig- 
nored in the design procedure. 

The VI type is selected for the end half-sections be- 
cause it is the simplest that can give, over 0.8 of the pass 
band, an image resistance that approximately matches a 
constant resistance. In this design, the image resistance 
at the ends of the filter is theoretically between the mid- 
band value and another value lower by 0.04 of the mid- 
band value. In order to obtain this property, the trap 
frequencies must be separated by 1.25 times the nominal 
bandwidth, so their values cannot be chosen for greatest 
benefit in attenuation. 
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(a) Low-pass M-derived half-section (for reference). 
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(b) VI-type M/-derived half-section. 
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(c) VI-type half-section with inverter. 
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(d) Attenuation over frequency range. 


Fig. 5—VI-type filter half-section. 


The V type is chosen for the repeating whole sections 
because it is the type of section that gives the greatest 
attenuation over a stop band just above the pass band. 
It was estimated that three such sections would give 
more than sufficient attenuation. 

The actual attenuation or insertion loss outside the 
pass band is that obtained when the filter is connected 
between generator and load of equal values of constant 
resistance. This condition is approximated in practice. 
The actual attenuation always exceeds the image at- 
tenuation, so the latter is safely assumed as a basis for 
estimating the required number of sections 

The inverter or quarter-wave section is a part of this 
design [4], [6], [7], [9], [10]. It enables a ladder net- 
work of series and shunt arms to be simulated by a se- 
quence of shunt arms, the kind best suited for a wave- 
guide structure. Theoretically, the inverter is a section 
of waveguide having a length of one-quarter wave at all 
frequencies. It is so called because any impedance, seen 
through the inverter, appears to have its value inverted 
about the wave resistance of the inverter. Since G is the 
wave conductance at midband, the symbol for the in- 
verter is 7G; this is chosen because the equivalent pi or 
T network has three arms of values +jG. In practice, 
the effective length of the quarter-wave section varies 
somewhat over the pass band, and these variations are 
taken into account in the design of the adjacent shunt 
arms. There is one inverter per half-section; this deter- 


_ mines the total length in waveguide. 
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(a) 1V-type constant-R half-section (for reference). 
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(b) V-type half-section. 


(d) Attenuation over frequency range. 


Fig. 6—V-type filter section. 


Having given a general description of the filter, there 
follows a more specific description of each of the two 
types of sections (Shea, [1], [2]). 

Fig. 5 shows the VI-type half-section. Since its prop- 
erties have ratio symmetry about the midfrequency 
(meaning, the same properties at equal frequency ratios 
above and below the midfrequency), this type has a low- 
pass analog [Fig. 5(a)| which is a helpful reference in 
formulating the band-pass filter. The low-pass cutoff 
frequency (fc) is half the bandwidth of the band-pass 
filter (f2—f1). The low-pass trap frequency (fo) is simi- 
larly related to the band-pass trap frequencies (fs, fa). 

The band-pass half-section [Fig. 5(b)| is shown in 
conventional ladder form. The series arm is evaluated in 
terms of the corresponding constant-K (IV type) series 
arm (Co, Lo) and the constant (m) of this M-derived 
type. The inverter form | Fig. 5(c)| has two shunt 
arms (instead of one shunt and one series) separated by 
the inverter (jG). Each shunt arm contains the indicated 
susceptance (Bs, Bo). The attenuation diagram [Fig. 
5(d) | shows the variation of the attenuation (a) outside 
the pass band. 

Fig. 6 shows the V-type section. Since its properties 
do not have symmetry about the pass band, there is no 
low-pass analog. A helpful reference is the 1V-type band- 
pass half-section [Fig. 6(a) |. Its series and shunt arms 
are resonant at the midfrequency (fo). The V-type half- 
section [Fig. 6(b)| has a series arm resonant at a fre- 
quency (fs) within the pass band but above midband. 
The shunt arm as a whole is resonant at the same fre- 
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TABLE I TABLE II 
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f : ee 
tion of two simpler types (Shea, III, and IV; [1], [2]) Oe fs (fea) Oe eae 
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The inverter form of whole section [Fig. 6(c)] con- 
tains two inverters and the shunt arms of two half-sec- 
tions (Bs, 2B, Bs). The attenuation diagram [Fig. 6(d) | 
shows the variations of the attenuation (2a of two half- 
sections) outside the pass band. 

The first objective in the V type is the selection of a 
trap frequency (f) which will give equal attenuation at 
the two edges of the stop band (f7, fs). This is nearly the 
optimum for several like sections of V type between the 
VI-type half-sections, because the latter contribute 
much less attenuation in the stop band. There will be 
given some formulas for approximately computing the 
best trap frequency. 

In several sections of V type, there is a set of unequal 
trap frequencies (f4a, etc.) that will give greatest attenu- 
ation over the stop band. For the present case of three 
sections, such a set is indicated in Fig. 1. There has been 
derived for this development a simple and explicit pro- 
cedure for approximately evaluating such a set of trap 
frequencies, but this procedure is beyond the present 
scope [16]. The principles are familiar. 

There has been found a simple rule for the advantage 
to be gained by staggering the trap frequencies in this 


Note: To distinguish from sub-4 in VI type, substitute sub-4a, 4, 
4c in successive sections of V type. For sub-5, substitute sub-a, 'b, G 
(shortened from sub-5a, 5b, 5c). 


manner rather than repeating the same value. The mini- 
mum attenuation over the stop band is thereby in- 
creased by (~—1)6 db for m sections. Staggering the 
trap frequencies for three sections gives 12 db more at- 
tenuation. 

The formulas to be given are based on the theoretical 
lumped constants of the ladder form, leading to the 
corresponding shunt arms of the inverter form. Some 
significant ratios are formulated, such as the susceptance 
ratio (6=B/G) and the resonance ratio (Q). In most 
cases, the formulas are given in such forms that the 
narrow-band approximations are simple and perhaps ap- 
parent. Ratios are expressed in terms of the cycle fre- 
quencies (f) but the radian frequencies (w) may be sub- 
stituted. 

Table I gives the formulas for the VI type of Fig. 5. 
The specified value of the derivation constant (m=0.6) 
gives a favorable pattern of image conductance at the — 
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TABLE III 
PRESENT DESIGN VALUES 


Pass fi = 3.05, fe = 3.55 kmc 
Stop fz = 3.70, fs = 4.00 
(1) m= ))0 
(2) fe = 0.25 
(3) fo = 0.3125 
(4) oan 290 
(5) 1S ZOO ih = Seon 
(10) fs = 3.78 
(11) ms = 0.961 
(12) fs = 3.358 
(13) f = 3.847 
Changing subscripts from 5 to a, b, c; and from 4 to 4a, 46, 4c: 
laos. fa = 3.780, fre = 3.953 
(11) Me = 0.951, m, = 0.961, m, = 0.973, 
(12) nS SS jp = 3.Soe, fen SS, 
(9) 2 half-sections (VI), 2a>12.04 db 
(18) a7 = 1.75 nap = 15.2 db 
(19) ag = 1.87 nap = 16.2 db 
Average: _a7g = 1.81 nap = 15.7 db 
min a = 1.77 nap = 15.4 db 
Total: Stopband, min. attenuation: 


2 half-sections (VI)> 12.0 db 
6 half-sections (V) 94.2 db 
Stagger 3 sections Qi eab 


>118.2 db 


Note: See Fig. 7 for pattern of all frequencies. 


termination whose midshunt arm includes the pair of 
trap resonators (f3, fs). Over the middle 0.8 of a narrow 
pass band, the image conductance departs from its mid- 
band value (G) by less than —0 and +0.04 of this value. 
The formulas are simplified by starting with the low- 
pass analog and converting to the band-pass frequency 
- scale with ratio symmetry. 

Outside the trap frequencies, the image attenuation 
approaches but always exceeds the limiting value given 
by (9), which is 6 db per half-section. Therefore each 
of the end half-sections may be relied on for this much 
attenuation. 

Table II gives the formulas for the V type of Fig. 6. 
_ The derivation of the V type involves a constant (ms) 
_ which is slightly less than unity; it is expressed in a 
form to bring out its small difference from unity. 
One problem in computation is the interrelation of 
the formulas for f; (10) and fs or ms (11, 12). The value 
of f, need be evaluated only approximately, because it is 
- required only for optimizing the stop band attenuation 
and not for validity of the filter design. For this approxi- 
mation, it is here sufficient to substitute fo for fs in (10) 
_ for computing fy. As mentioned above, the staggering of 
fx in several sections is not formulated here although it 
is employed in the example to be described [16]. 

At the junction of two different half-sections in a com- 
mon shunt arm, their susceptance ratios are merely 
added to get the composite value. 

In each shunt arm, it is sufficient to specify the one or 
two trap frequencies and the susceptance ratios at the 
two cutoff frequencies. All lumped constants are then 
determined. This specification is considered to be the 


Wheeler and Bachman: Evacuated Waveguide Filter 


159 


f £ £, 


1 ° 
|+——— USEFUL ——+| 


3 3.5 4 
FREQUENCY (KMc ) 


Fig. 7—Diagram of design frequencies. 
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Fig. 8—Iris shunt arms in waveguide. 


best basis for testing the simulation in a waveguide iris, 
because the trap frequencies are most easily measured 
and the susceptance is most critical near cutoff. 

Table III gives the critical frequencies and attenua- 
tion computed for the present design. Fig. 7 isa diagram 
of these frequencies. The susceptance ratios are easily 
computed from the critical frequencies, to complete the 
specifications for the shunt arms. 


SPECIFYING AND TESTING DISTRIBUTED ARMS 


An iris in a waveguide is a distributed circuit complex 
that can be used to simulate a set of lumped constants, 
not exactly but to a close approximation. The approxi- 
mation is best if the specifications are based on the most 
critical properties, and on those that can be tested most 
accurately. Naturally, any test must be based on a valid 
definition of the property to be simulated. 

Fig. 8 shows the types of shunt arms that are to be 
simulated, and the iris structures to be used for this pur- 
pose. These are based on familiar principles. Each iris is 
resonant (zero susceptance) at a frequency in the pass 
band (fo, foa, fa). Two types have antiresonance (infinite 
susceptance) provided by posts resonant at the frequen- 
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cies noted. In general, all parts of one iris are interde- 
pendent. (The interaction between successive irises is 
ignored in computation but may require a small correc- 
tion by experiment.) 

For defining the objective of each shunt arm or iris, 
reference is made to the composite filter, as shown in 
Fig. 4. In the ladder form, one arm is isolated by proper- 
ly removing the two adjacent arms. A shunt arm is iso- 
lated by an open-circuit in each adjacent series arm. 
Carrying this reasoning over to the inverter form, one 
shunt arm is isolated by a short-circuit on each adjacent 
shunt arm; through the inverter, this appears to be an 
open-circuit, as required. 

This viewpoint is powerful because it gives a defini- 
tion which may be interpreted to include the imperfec- 
tions of the inverters, to a first approximation. Each 
shunt arm may utilize the small susceptance of the 
quarter-wave section, that remains at frequencies differ- 
ing from its design frequency (presumably midband). 
Therefore, the susceptance of the arm at each end in- 
cludes that of one quarter-wave section, while the sus- 
ceptance of each intermediate arm includes twice that 
amount. 

Fig. 9 shows how this principle may be applied in 
measuring the susceptance of one shunt arm in a wave- 
guide. There are different procedures for an end arm or 
an intermediate arm, to be described with reference to 
Fig. 9(a). 

In the case of an end arm, its susceptance is measured 
with a fixed short-circuit + wavelength behind, so its 
susceptance is included as part of the shunt arm. 

In the case of an intermediate arm, it is not so simple, 
because one side must be left accessible for the measure- 
ment. Measurements of the susceptance are made with 
a fixed short-circuit, first at } and then at ? wavelength 
behind. The average of these two is the desired suscept- 
ance, which includes twice the susceptance of a quarter- 
wave section. Fig. 9(b) shows how these tests would ap- 
pear on the rim of the reflection chart. 

Since the iris has some thickness, however small, 
there is some question as to where the reference plane is. 
It can be determined by applying some insight in any 
particular case, if that degree of precision is needed [18]. 

The trap frequencies are most easily measured by the 
deep minimum in a transmission test. This is substan- 
tially independent of generator, load, and adjacent 
quarter-wave lines. A susceptance test should place this 
point on a pole of the reflection chart, such as fy; in Fig. 
9(b). (This fact may be used to locate the proper refer- 
ence plane [18].) 

By these techniques, an iris may be adjusted by trial 
to simulate a computed shunt arm in a waveguide. The 
entire filter is assembled from the 9 irises adjusted ac- 
cording to these formulas and rules. 


Low-Power TEsts 


The low-power performance comprises frequency 
characteristics without regard for pulse-power capabil- 
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(a) Arrangement of iris in measuring line. 


(b) Plot of observations on reflection chart. 


Fig. 9—Test for susceptance of shunt arm in waveguide. 


ity, so there is no appreciable difference between air and 
vacuum. (Presumably, there is a slight difference caused 
by mechanical deformation under differential pressure.) 
The dimensions of essential contours were specified on 
the basis of tests in air, then transferred to the final de- 
sign for evacuation. 

The tests to be presented were made on a single filter. 
between nonreflecting input and output waveguides, 
before installing the pressure windows. The performance 
in the pass band is plotted in Fig. 10 for the experimen- 
tal model, all dimensions having been determined by 
separate tests of the irises. The performance is de- 
scribed in terms of reflection and attenuation. 

The experimental model was found to have the pass 
band located about 1 per cent higher than intended, in 
frequency. Presumably this was caused by interaction 
between the irises, which were assumed independent, 
though separated only by a distance comparable with 
their height. By way of compensation, all dimensions 
were then specified 1 per cent larger than the model in 
order to center the actual pass band on the desired pass 
band. The curves in Fig. 10 are shifted, relative to the 
observed curves, 1 per cent lower in frequency, to show 
what would be expected after this change in dimensions. 

In Fig. 10(a), the reflection is plotted in terms of 
standing-wave ratio (SWR) over the pass band. The 
upper curve (dotted line) was observed when first as- 
sembled after designing the irises individually, and 
represents the cumulative errors of the many dimensions 
and some approximations in the assumptions for equiva- 
lence to the lumped network. The lower curve (solid 
line) was observed after corrective elements (inductive 
posts) had been inserted in the quarter-wave section at 
each end. Before this correction, the reflection was 
within 6.5 db SWR over the useful band; afterward, it 
was within 4 db SWR. 

In Fig. 10(b), the insertion loss is plotted from tests 
on the experimental model, after insertion of the correc- 
tive elements. It lis the sum of two parts respectively 
caused by reflection and dissipation. The reflection loss _ 
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Fig. 10—Reflection and attenuation in pass band. 


by about 0.2 db. The sum of these effects hold the dissi- 
pation loss. The reflection loss is related to the SWR 
plotted in Fig. 10(a). The remaining loss is caused by 
skin dissipation in the metal walls. The latter is pro- 
portional to phase slope over the pass band; it has a 
minimum value (about 0.3 db) at mid-band and increases 
at the edges of the useful band. The total insertion loss is 
within 1.2 db over the useful band, averaging about 0.6 
db. 

The properties of the experimental model are modified 
slightly by two differences in the final design, as follows: 


Experimental Final 
Metal walls Brass Copper 
Pressure windows Omitted Included 


The change from brass to copper reduces the skin dissi- 
pation by a factor of 3. The addition of the glass win- 
dows for pressure sealing increases the dissipation loss 
within a lower limit, but leaves the average about the 
same. The windows slightly increase the reflection. The 
result is reflection within 6 db SWR and total insertion 
loss within 1.0 db over the useful band, averaging 
about 0.7 db. : 

In Fig. 11 is plotted the attenuation above the pass- 
band, computed on an image basis. It is over 120 db in 
the specified stop band. Tests of the experimental model 
over the stop band have verified that the attenuation 
exceeds 70 db, the limit of the equipment used. Inter- 
pretation of this information requires consideration of 
the modes in the waveguide. 

As a general rule, when operating between input and 
output circuits of matched pure resistance, a lumped 
network provides an amount of insertion loss greater 
than the image attenuation. This rule would apply to 
the present case if we could consider only the propagat- 
ing mode in the waveguide and ignore the higher modes. 
In the reduced size of waveguide chosen for the filter 
structure, the higher modes are propagated only above 
4.3 kmc, which is well above the specified stop band. 
However, there remains some doubt whether the higher 
modes are negligible in the stop band. Another factor, 
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Fig. 11—Attenuation above pass band. 


probably of less importance, is the distributed nature of 
the iris shunt arms, which are assumed to simulate 
closely the lumped equivalents. In view of these con- 
siderations, it is uncertain whether the actual attenua- 
tion is greater or less than the computed image attenua- 
tion. 

The nonreflecting assembly converts the wave filter 
(which attenuates only by reflection) into a selective at- 
tenuator. The attenuation in the stop band is substan- 
tially the same as the insertion loss caused by a single 
filter between nonreflecting input and output wave- 
guides. 

In the pass band, the reflection from the assembly is 
that of the hybrid junctions plus the uncanceled differ- 
ence of the reflections from the pair of filters (since they 
will not be exactly alike). The difference of the trans- 
mission through the pair of filters causes a slight loss in 
recombination, which is added to the dissipation loss. 

The discussion of Figs. 10 and 11 indicates the low- 
power performance to be expected of this design, and 
the extent to which this performance has been verified 
by tests. 


Hicu-PoOwER CONSIDERATIONS 


The nonreflecting assembly is intended to carry one- 
megawatt pulses of about one microsecond duration 
with some safety factor for moderate reflection from the 
load (say 3db SWR). This means that each filter should 
be able to carry pulses of 0.5 megawatt into the reflect- 
ing load or 0.7 megawatt into a matched load, with some 
margin. 

As is usually the case in pulse transmission, the power 
limitation is imposed by voltage breakdown in the di- 
electric, not by heating. This amount of pulse power is 
easily handled by air in ordinary waveguide and acces- 
sories, but the insertion of the resonators in the present 
filter tends to cause much higher gradients. 

Such resonance can be obtained in a spacious cavity, 
such as a half-wave section of guide, without excessive 
gradient. However, this kind of resonator presents sev- 
eral difficulties. For the present purpose, the principal 
fault would be the failure of attenuation at frequencies 
somewhat higher than the pass band, where most at- 
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tenuation is required. Other handicaps are the greater 
size and the greater difficulty of choosing and simulating 
a suitable lumped network. 

It was desired to realize the required resonance in the 
most compact form that could be readily predicted and 
constructed. The so-called “wide-band” TR tubes had a 
background of theory and structural experience, includ- 
ing evacuation and pressure sealing, so it was decided to 
use the same principles and general arrangement for the 
present filter. This decision was based on the idea of 
complete evacuation to prevent voltage breakdown, so 
fairly small gaps would stand the voltage. 

In accordance with the practice in TR tubes, the par- 
tition for the simple resonant iris was made of fairly thin 
sheet (gs inch) for ease of construction. This required 
a slot of width comparable with the thickness (minimum 
about 7g inch). The resulting small gap and the open 
ends of the resonant posts experience the highest 
gradient. 

The voltage across the slot exceeds 20 kv rms and the 
maximum gradient reaches about 20 kv/mm rms, which 
is about 10 times that of air. Comparable gradients are 
experienced in the magnetron for which the present 
filter is designed. However, it has been found difficult 
to maintain in a cold structure the degree of evacuation 
and surface purity required to withstand this gradient 
without some kind of discharge. 

Some samples have been made which carried pulse 
power through a pair of filters into a matched load, up 
to about 1 megawatt, the maximum used in the tests. 
Further improvements are in progress, particularly in 
the techniques of evacuation. 


CONCLUSION 


For suppressing spurious transmission from a certain 
S-band radar, there has been designed a nonreflecting 
filter assembly in which the principal feature is the pair 
of wave filters built in waveguide and evacuated to 
carry high-power pulses. 

Each of these wave filters is made of 25 reactors or 
their equivalent in 9 reactance arms suitable for wave- 
guide shunt arms. These involve 5 trap frequencies out- 
side the pass band and some reasonance frequencies near 
midband. The image-parameter method of design, 
based on the wave-filter concept, has enabled all com- 
putations in explicit form. Among the features are 
M-derived terminations for impedance matching over 
the pass band, another type of section giving greatest 
attenuation above the pass band, and the staggering of 
the trap frequencies in several sections of this type for 
maximum attenuation over the stop band. This is the 
only method of design known to the writers that would 
yield comparable performance with a reasonable 
amount of effort. 

The specifications for all reactance arms are presented 
in a form suitable for testing simulation in shunt arms 
made of irises in a waveguide. The recommended set of 
essential quantities includes only the trap frequencies 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


January 


and the susceptance ratios at the cutoff frequencies. 
The application of these formulas has yielded a prac- 
tical design reasonably fulfilling the expectations based 
on the computations. 
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Hybrid Junction—Cutoff Waveguide Filters* 


EUGENE N. 


Summary—Low-pass and band-pass filter characteristics can be 
obtained in waveguide by the use of an arrangement of a waveguide 
hybrid junction and lengths of cutoff waveguide. Low-pass filters are 
obtained by terminating a conjugate pair of ports of the hybrid in 
identical cutoff waveguide sections through short lengths of phase 
correcting lines. Band-pass characteristics can be realized by intro- 
ducing a third cutoff waveguide having a lower cutoff frequency at 
the input port of the hybrid. 

These filters have a matched input at all frequencies above the 
lower end of the pass band and are characterized by low-pass band 
insertion loss, steep skirt selectivity, and moderate rejection band 
attenuation. The power handling capabilities of the structure exceed 
those possible with conventional microwave filter circuits, and the 
design is particularly well suited for use at frequencies above 10 kmc. 
Simple techniques are available for constructing filters of this type 
having variable cutoff frequencies and variable bandwidths. 


INTRODUCTION 


HE waveguide filter design techniques most com- 

monly used today are based upon the approximate 

equivalence of lumped networks to such structures 
as iris loaded waveguide, corrugated waveguides, and 
coupled cavity structures.1~* Recently a class of direc- 
tional filters has been described which makes use of 
frequency selective couplers to extract a desired narrow 
band of frequencies from one port of a multiport struc- 
ture.t® These filters present a matched input impedance 
at all frequencies as signals in the rejection band are 
extracted from a third port of the filter rather than re- 
flected back to the input. The filter to be described in 
this paper is related to the directional filter class in that 
it too delivers one band of frequencies to one port and 
the remaining frequencies to the other ports, and pre- 
sents a matched input impedance in the rejection band 
as well as in the pass band. This filter makes use of a 
hybrid junction and relies upon the frequency selective 
reflections from cutoff waveguides rather than frequency 
selective coupling. Relatively wide band filters can be 
obtained by this technique. Another type of filter em- 
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manuscript received, September 2, 1958. The work described here was 
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30(602)-1650. ‘ 

+ Microwave Res. Inst., Polytechnic Inst. of Brooklyn, Brooklyn, 


fees 

1W. W. Mumford, “Maximally flat filters in waveguide,” Bell 
Sys. Tech. J., vol. 27, p. 684 ff.; October, 1948. 

2S, B. Cohn, “Analysis of a wide-band waveguide filter,” PRoc. 
IRE, vol. 37, pp. 651-656; June, 1949. 

3 J, R. Whinnery, “Design of microwave filters,” Proc. of the 
Symposium on Modern Network Synthesis, Polytechnic Inst. of 
Brooklyn, Brooklyn, N. Y.; April, 1952. This article presents a com- 
plete summary of the art of microwave filter design and has an exten- 
sive bibliography. 

Oly, Se ale “A traveling wave directional filter,” IRE TRANS. 
on MicROWAVE THEORY AND TECHNIQUES, vol. MTT-4, pp. 256- 
260; October, 1956. Bae : 

8S. B. Cohn and F. S. Coale, “Directional channel-separation 
filters,” 1956 IRE ConvENTION RECORD, pt. 5, pp. 106-112. 


TORGOW} 


ploying Tee junctions and cutoff waveguides has been 
described® which utilizes short-circuited lengths of cut- 
off guides as reactive elements to obtain low-pass and 
band rejection filters. The principle of operation and the 
performance of these filters are quite different from 
those of the filter to be described here.’ 


a>a>a" 
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7 TAPERED LINE 


SHORT SLOT HYBRID 


Fig. 1—Short slot hybrid band-pass filter. 


THEORY OF OPERATION 


A band-pass filter employing a short slot hybrid 
junction is illustrated in Fig. 1. Two conjugate arms of 
the hybrid (labelled ports 2 and 3) are connected to 
identical sections of cutoff waveguide through linear 
tapers. The cutoff sections are in turn terminated in 
matched resistive loads. The input to the hybrid (port 
1) is connected through linear tapers to a waveguide 
having a lower cutoff frequency than that of the guides 
at ports 2 and 3. The output is taken from port 4. When 
a signal is applied to the input of the filter, only those 
frequencies above the cutoff of the input guide will 
enter the hybrid at port 1. In the ideal case, the power 
into the hybrid divides equally and appears at ports 2 
and 3 with the signals at these ports 90 degrees out of 
phase. If the signal frequency is below the cutoff of the 
guides terminating these ports, the signal power under- 
goes complete reflection. Due to the 90 degrees differ- 
ence in phase between the two signals reflected from 
ports 2 and 3, and the additional phase displacement 
each reflected signal experiences in traversing the 
coupler, the signals arrive in phase at port 4 and in 
phase opposition at port 1. Therefore, signals applied 
to the input port at frequencies between the cutoff fre- 
quency of the input guide and the cutoff frequency of 


6 Rizzi, P. A., “Microwave filters utilizing the cutoff effect,” IRE 
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-4, pp. 
36-40; January, 1956. 

7 The author has recently learned that a similar approach employ- 
ing hybrid junctions and band rejection filters has been described by 
W. D. Lewis of the Bell Telephone Labs. (U.S. Pat. No. 2,531,447.) 
However, Lewis did not consider the use of cutoff waveguide sections 
and the advantages gained by their use. 
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the two lines connected to ports 2 and 3 will arrive at 
port 4 and will suffer no attenuation in the ideal case. 
Signals at frequencies above the upper cutoff frequency 
will arrive at ports 2 and 3, be transmitted through the 
two guide sections and be absorbed by the resistive 
terminations to these two guides. Thus these signals will 
not appear at port 4 and band-pass characteristics are 
obtained between port 1 and port 4. 

Fig. 2 shows a similar filter employing a magic-Tee 
junction in place of the short slot hybrid. The basic 
principle of operation in this case differs from the previ- 
ous case in that there is no phase difference between the 
signals arriving at the conjugate arms 2 and 3. In order 
to cause signals reflected from these ports to emerge 
from port 4, it is necessary to reverse the phase of one 
of these reflected waves re-entering the Tee. This is ac- 
complished by the introduction of a length of line h, 
whose electrical length is 90 degrees, between the ter- 
minals of port 2 (or port 3) and the cutoff terminating 
section. This length of line has no effect on the perform- 
ance of the filter in its rejection band, although the 
presence of this length of line will affect the performance 
of cascaded filters of this type. While the assumption 
was made that the electrical length of the inserted line 
section was 90 degrees at all frequencies in order to ex- 
plain the operation of the filter, it will be shown that 
when an actual line is used which has an electrical length 
of 90 degrees at the mid-frequency of the pass band, 
relatively wide pass bands can still be obtained. Low- 
pass filters can be obtained by omitting the cutoff wave- 
guide section at the input to port 1. 
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/ LOAD 

ys Jk 

CUT-OFF GUIDE 
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90° PHASE SHIFTER 
MAGIC TEE 


CUT-OFF GUIDE 


Fig. 2—Magic-Tee band-pass filter. 


Linear tapers were used between the cutoff lines and 
the full width waveguide to improve the rejection band 
response of the filters. Their use does not affect the pass 
band performance of the filters as long as the two tapers 
at the outputs of ports 2 and 3 are identical, for they 
only serve to change the phase of the reflections from 
the cutoff guides by the same amount. In the rejection 
band, however, they serve to reduce the reflections 
from these guides, thereby insuring that the rejection 
band attenuation remains high. A step discontinuity, 
at this point, could introduce significant reflections, 
and this reflected energy would appear at port 4. 
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The performance of the hybrid junction-cutoff wave- 
guide filters can be described by the following set of 
equations for the circuit illustrated in Fig. 3: 


Vr, = Vag(SoS12? + S'3513”) (1) 
Vig = VigSieS13S3 4 Se) (2) 
where 
ee 
rg V, 
Therefore, 
insertion loss = 20 log | Si2Si3(S3 + So) | (3) 
input reflection factor = (S252? + S3S13?). (4) 


These expressions were derived by making use of the 
symmetries in the scattering matrix of an ideal, lossless 
reciprocal hybrid, namely: 


~s = 0 Sis = S34 
S14 = So3 = 0 


Si = Sy Sig = + Sos 


where the positive sign applies to the short slot hybrid 
and the negative sign applies to the magic-Tee. The re- 
flection factors of the terminations S; and $3 are defined 
in Fig. 3 in terms of the incident and reflected voltages 
as defined for the four-port. It will be recognized that 
the voltage incident upon the port of the hybrid is the 
voltage reflected from the termination, and vice versa. 


Fig. 3—Schematic diagram of a low-pass filter. 


While these expressions are based upon the assumption 
that the hybrid junction exhibits ideal characteristics, 
they have been used to analyze the behavior of filters 
with imperfect hybrids. This was done by ascribing 
certain of the hybrid characteristics to the terminations 
S: and S3. For small deviations from ideal hybrid per- 
formance, good agreement was obtained between cal- 
culated and measured results. 


FILTER CHARACTERI STICS 


Several factors affect the electrical performance of 
low-pass hybrid junction-cutoff waveguide filters. In 
those frequency bands where good hybrid junctions are ~ 
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available, it is simple to design waveguide sections hav- 
ing the required cutoff frequencies. These sections are 
cut off and will reflect almost all of the energy incident 
upon them in the pass band of the filter. For filters using 
short slot hybrids, there should be no relative phase 
difference between the reflections from the lines termi- 
nating a conjugate pair of arms. When a magic-Tee is 
used, however, one such termination must provide for a 
_ phase reversal of the reflected wave in order to obtain 
maximum output from the filter. The use of a quarter 
wavelength of line as a phase shifter will therefore affect 
the bandwidth of the filter, as such lines can have an 
- electrical length of 90 degrees only at a single frequency. 
When the line length is not 90 degrees, some of the 
energy incident upon the filter will be reflected from the 
input port and the insertion loss of the filter will in- 
crease. Eqs. (3) and (4) have been used to determine the 
insertion loss of the filter over its pass band. When the 
phase difference between S: and S; is allowed to deviate 
from 180 degrees by +60 degrees, the insertion loss 
reaches a maximum of 2.5 db. As this deviation allows 
for a bandwidth of about 2:1, it is probable that the 
useful bandwidth of these filters will be limited by the 
bandwidths of the hybrid junctions rather than by the 
phase shifter. For a bandwidth corresponding to 180 de- 
grees +10 degrees, a maximum VSWR of 1.2 and an 
insertion loss of only 0.06 db will be obtained as a result 
of the phase shifter. This analysis also serves to indicate 
the degree to which the two cutoff waveguides terminat- 
ing the conjugate arms of a hybrid must be identical in 
order to insure a low-pass band insertion loss. 

Two factors limit the isolation between the input and 
the output ports of the filter in the rejection band. One 
is the directivity of the hybrid junction, and the other is 
the reflections from the terminations to the conjugate 
hybrid arms which were assumed to be matched in the 
rejection band of the filter. As the directivity of a good 
hybrid rarely exceeds 30 db over an appreciable fre- 
quency band, this figure represents an upper limit on the 
rejection band attenuation. The filter attenuation will 
be further reduced if there are reflections at ports 2 and 
3. In order to minimize such reflections, linear tapers 
were employed between all cutoff sections of waveguide 
and the full width waveguides. These proved to be ade- 
quate in the rejection region, although the match in the 
region close to cutoff could be improved. 

The characteristics of both the low-pass and the band- 
pass filters in the regions near the cutoff frequencies of 
the filter are of particular interest. It is desirable to ob- 
tain filters exhibiting a low insertion loss in the pass 
band up to the cutoff frequency and a sharply rising at- 
tenuation above this frequency. The filter behavior near 
a cutoff frequency is dependent upon the particular cut- 
off waveguide section which begins to propagate at that 
frequency. Just above its cutoff frequency, a waveguide 
is operating in a region where the wall losses are high 
and the impedance of the guide is quite different from 
_ the impedance of the full width waveguides feeding this 
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section. The input cutoff section which provides for the 
lower cutoff of the band-pass filter therefore increases 
the pass band insertion loss due to both reflection and 
dissipation of the input signal. This effect may prevent 
the application of this technique to very narrow band 
filters. The dissipation in the guides terminating the 
conjugate ports 2 and 3, which control the upper cutoff 
frequency, does not affect the performance of the filter, 
as these sections lead to matched absorbing loads, in the 
upper rejection band. However, the reflections due to 
the mismatch presented by these guides will have the 
proper phase so as to appear at the output of the filter, 
thereby lowering the rejection band insertion loss. 
While linear tapers, which were employed in the ex- 
perimental models of these filters, provide for adequate 
matching well above cutoff, more sophisticated match- 
ing techniques may be required in order to obtain a 
rapid increase in attenuation above the upper cutoff 
frequency. 

The sharpness of the slope of the attenuation curve at 
both ends of the pass band depends to a considerable 
degree upon the lengths of the cutoff waveguide sec- 
tions. This is obvious in the case of the input guide sec- 
tion, as its attenuation at any frequency below cutoff 
is a direct function of its length. In the case of the upper 
cutoff frequency of the filter, the insertion loss of the 
filter is a function of the power reflected from the inputs 
to the pair of cutoff waveguides at ports 2 and 3. For 
lossless lines of finite length terminated in a resistive 
load, the input reflection factor is a function of the 
length of line. When such lines are below cutoff, the line 
has an imaginary characteristic impedance and attenu- 
ates rather than propagates the signal. The input im- 
pedance is given by 


y Zt + Zio tanh al 
; Zo + Z; tanh al 


(S) 


abaya 


where 


Z,) =characteristic impedance of line 
Z;=terminating impedance 
a=attenuation factor of line 
1=length of line. 


For a line below cutoff, as Zo is imaginary and Z; is 
real, Zin is complex and approaches Z, for small a or 
small J] and approaches Z for large a or large J. Thus, 
at frequencies just below cutoff the input impedance 
will have a large resistive component, while at frequen- 
cies far below cutoff this impedance will be largely re- 
active. The rate at which the impedance becomes re- 
active, and therefore has a high reflection factor, is a 
function of the length of line. Wall losses in the cutoff 
guide section will appear as a resistive component, and 
will therefore tend to reduce the rate at which the in- 
sertion loss rises near cutoff. 

For most filter applications, it is sufficient to choose 
the lengths of the cutoff waveguide sections on the basis 
of the attenuation factor of a lossless line below cutoff. 
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GENERAL CONSIDERATIONS 


Hybrid junction-cutoff waveguide filters are par- 
ticularly well suited for use at frequencies above 10 
kmc. Conventional filter design techniques generally 
lead to complex structures containing discontinuities 
which require fairly close mechanical tolerances in order 
to obtain the specified filter characteristics. The pres- 
ence of these discontinuities also tends to lower the peak 
power handling capacity of the guide. Above X band 
these problems become more critical as the smaller sized 
waveguides used at these frequencies have limited power 
handling capacities. In addition, the dimensions re- 
quired for the filter elements are smaller and therefore 
require closer tolerances. Fabrication of these smaller 
filters is also more difficult. Most of these difficulties can 
be minimized in the case of the hybrid junction-cutoff 
waveguide filters. 

By making use of existing hybrid junction designs, a 
comparatively simple design procedure is required to 
adapt these junctions to filters. As the cutoff character- 
istics are determined by the widths of the waveguides 
terminating the various ports of the junction, and as 
this is the largest dimension associated with the guide 
cross section, the largest possible mechanical tolerance 
is obtained for a given tolerance on the cutoff frequency. 
As full height waveguide is employed throughout, and 
as there are no discontinuities in the filter structure 
outside of the hybrid junction itself, the power handling 
capacity of the hybrid junction can be approached. 
The fact that the power capacity of a waveguide de- 
creases as its cutoff frequency is approached is, to a 
great extent, offset in the case of the filter by the fact 
that these guides become badly mismatched near cut- 
off and therefore reflect power. In order to insure proper 
behavior of the filter, it is necessary that the two cutoff 
sections terminating the conjugate arms of the hybrid 
be identical. Where machining of these parts to the de- 
sired tolerance becomes difficult, electroforming tech- 
niques can be employed to obtain the desired uniform- 
ity of construction. 

These filters can be readily used in frequency band 
separating filter arrays. If ports 2 and 3 are fed into a 
second hybrid as shown in Fig. 4, rather than into 
matched loads, signals in the frequency band above the 
upper cutoff frequency will appear at one port of the 
second hybrid. Successive sections of similar filters can 
then be used in this manner to separate out any speci- 
fied number of channels, provided that the over-all 
bandwidth of the array is no greater than the useful 
bandwidth of the input hybrid junction. Fig. 4 also 
shows how a tunable filter can be obtained by the use 
of sections of waveguide having variable cutoff fre- 
quencies. 

When lengths of cutoff guides and hybrids are used 
to make a filter, the over-all length of the structure can 
be fairly large. This is admittedly not too advantageous 
in the waveguide sizes for L, S, Cand X band. However, 
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at the higher frequencies the smaller size of waveguide 
and the shorter wavelengths make it possible to obtain 
fairly compact filters. This technique of filter design 
may also prove to be useful at lower frequencies by 
making use of the space saving features of strip line. 
Hybrid rings and other types of hybrid junctions have 
been realized in strip line’ and these can be combined 
with trough line? sections which have low frequency 
cutoffs and which can be readily fed from strip line 
structures. 


CUT-OFF LINES 


Fig. 4—Tunable filters and filter arrays. 


EXPERIMENTAL RESULTS 


A number of filters using different types of hybrid 
junctions were constructed and tested. The experi- 
mental work was done at X band primarily because of 
the fact that hybrid junctions in X-band waveguide 
were readily available in the laboratory. Fig. 5 shows 
the insertion loss characteristics of a filter designed for 
a 600-mc pass band centered at 9200 mc. The hybrid 
junction used in this filter was a commercially available 
magic-Tee junction and the cutoff waveguides were 
machined from copper tubing. The cutoff sections were 
5 cm long and had 10.2 cm long linear tapers at each 
end. The input section of cutoff waveguide was designed 
for a cutoff frequency of 8.9 kmc and the pair of guides 
terminating ports 2 and 3 were designed to cut off at 
9.5 kmc. While the pass band insertion loss of this filter 
was fairly low, the use of electroformed cutoff sections 
was seen to lead to an improved performance, particu- 
larly near the upper cutoff frequency. This is shown in 
Fig. 6. This particular filter was assembled using a 
standard X band folded magic-Tee whose character- 


istics were found experimentally to be identical to the’ 


characteristics of the magic-Tee used with the first 
filter over the same frequency band. The cutoff guides 
were designed to have upper and lower cutoff frequen- 
cies at 9.0 kmc and 9.5 kme, respectively. The higher 
losses which one would expect with narrow band filters 
is illustrated in Fig. 7, which shows the characteristics 
of a filter with a 200-me bandwidth at 8950 mc. While 


8 J. K. Shimizu, “Strip line 3-db directional couplers,” 1957 IRE 
WESCON Convention REcorD, pt. 1, pp. 4-15. eae 


°H. S. Keen, “Scientific Report on Study of Strip Transmission 


a Airborne Instruments Lab. Rep. No. 2830-2; December, 
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Fig. 5—Magic-Tee cutoff waveguide filter, fo=9.2 kmc and 
bandwidth =600 me. 
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Fig. 6—Folded-Tee cutoff waveguide filter, fo=9.3 kmc and band- 
width =500 mc. Electroformed pair of cutoff waveguides. 


the pass band insertion loss was somewhat higher for 
this filter than for the wider band filters, the midband 
loss was still only 0.5 db. 

Due to the nature of the device, the input VSWR 
rises below the lower cutoff frequency of the filter. How- 
ever, the filter presents a fairly well matched input im- 
pedance at all frequencies above this cutoff, including 
the range above the upper cutoff frequency of the filter. 
The measured input VSWR of the 200-mc bandwidth 
filter was less than 1.25 over the pass band and was 1.15 
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Fig. 7—Folded-Tee cutoff waveguide filter, fy=8.95 kmc and band- 
width =200 me. Electroformed pair of cutoff waveguides. 


at midband. The VSWR wasless than 1.5 over the entire 
upper rejection band. Similar results were obtained for 
the other filters. 


CONCLUSIONS 


The hybrid junction-cutoff waveguide filters offer 
several advantages over conventional types of wave- 
guide filters. Where the moderate rejection band at- 
tenuation does not present a handicap, filters which are 
simple to design and easy to construct can be obtained. 
These filters can make use of existing hybrid junctions 
and will have a power handling capacity which ap- 
proaches that of the hybrid junction. Not only are the 
mechanical tolerances required by the cutoff sections 
not as critical as the tolerances required for irises and 
other elements of the more conventional filter types, 
but also simple tuning procedures, such as those which 
can be introduced to obtain variable pass band filters, 
can be employed to adjust the waveguide sections to the 
desired cutoff frequency. The technique described here 
can be readily adapted for multichannel filter arrays as 
well as to tunable filters. Above the lower cutoff fre- 
quency in the case of band-pass filters, and at all fre- 
quencies in the case of low-pass filters, these devices 
exhibit the matched input impedance associated with 
directional filters. The general technique can be ex- 
tended to all frequency bands and to all types of trans- 
mission lines where hybrid junctions can be designed 
and where cutoff characteristics can be obtained. 


168 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


January 


Practical Design of Strip- Transmission-Line Half- | 
Wavelength Resonator Directional Filters* 
R. D. WANSELOW# anv L. P. TUTTLE, JR.t 


Summary—Strip-transmission-line directional! filters have been 
found extremely useful since they serve as a combination multiplexer 
and filter assembly. A step by step procedure has been developed for 
the quarter-wave coupled filter design having a prescribed band- 
width, skirt selectivity, and passband ripple tolerance for narrow 
band multiplexing applications. 

An experimenta! study of the strip-transmission-line resonator 
as an integral part of the directional filter utilizing direct and quarter- 
wave coupling between the half-wave resonants has been carried 
out; and an efficient method of tuning a filter is described. This study 
has included not only problems of insertion loss caused by dissipation 
but also effects on filter characteristics caused by variations in en- 
vironmental temperature. 


INTRODUCTION 
[eens filters are circuits commonly 


used in multiplexing signals of different frequen- 
cies. In a previous paper! several unique strip- 
transmission-line directional filter circuits were de- 
scribed, including the half-wavelength resonator di- 
rectional filter. The purpose of this paper is to present 
one design procedure for the development of this type 
of filter, having a prescribed bandwidth, skirt selectiv- 
ity, and pass-band ripple tolerance with no undesirable 
spurious responses over a two to one band of frequencies 
for narrow band multiplexing applications in the fre- 
quency spectrum where strip-transmission-line tech- 
niques are useful, 
The basic half-wavelength resonator directional filter 


is shown in Fig. 1(a). The input and output lines shown - 


are reversible since the network is a symmetrical passive 
network. A study of the phase relationships shows that 
a wave at the center frequency of the filter entering 
arm 1 will couple to arm 4. Arm 3 is always isolated 
from the input. The input line is nonreflecting when the 
other arms are connected to their characteristic imped- 
ances. Representative response characteristics of a 
maximally flat filter are shown in Fig. 2. By direct or 
quarter-wave coupling the resonators in cascade, as 
shown in Fig. 1(b) and 1(c) respectively, greater selec- 
tivity is achieved. The filters shown in Fig. 1 will not 
produce very low midband insertion loss due to the 
relatively large initial input gap widths that are re- 
quired in narrow band filters. It was observed that a 
relatively high mismatch existed in the line 1-2 when 


a 


the first resonator of a narrow band filter was directly 


* Manuscript received by the PGMTT, May. 2, 1958; revised 
manuscript received, August 15, 1958. The work for this paper was 
sponsored by North American Aviation under Purchase Order No. 
H662-X-600010. 

+ Antenna Lab., Melpar, Inc., Falls Church, Va. 

‘S. B. Cohn and F. S, Coale, “Directional channel-separation fil- 
ters,” Proc. IRE, vol. 44, pp. 1018-1024; August, 1956. 


coupled to this line. By inserting a very short length of 
line in the input and output coupling regions, as shown 
in Fig. 3, the coupling of power to the filter is improved 
asa result of less than a 2 to 1 VSWR in the through line 
and the midband insertion loss is greatly reduced to an 
acceptable value of less than 2 db. 

A number of strip-transmission-line directional filters 
using direct and quarter-wave coupling were tested. 
As a result of these tests, it was found experimentally 
that to obtain a bandwidth tolerance of +2 per cent or 
less, low Q filters (Qo240) may utilize either direct or 
quarter-wave coupling of the half-wave resonants. Fil- 
ters with a higher Q (Q)$40) should employ quarter- 
wave coupling only, since direct coupling requires 
relatively large coupling reactances (wide gaps), which 
in turn present spurious transmission effects when the 
strip-transmission-line gaps are greater than approxi- 
mately 4/10. Since the design of direct coupled strip- 
transmission-line filters is given quite adequately by 
Cohn,’ this paper will be devoted almost entirely to 
the design and development of quarter-wave coupled 
strip-transmission-line directional filters. The theory of 
quarter-wavelength coupling is described by Ragan.® 
As the Q of a given microwave filter is increased, the 
fabrication and adjustment of the resonant cavities or 
strips (as in this case) utilizing direct coupled resonators 
becomes increasingly more difficult. Thus by employing 
quarter-wave coupling between the filter resonators, 
the tolerances on the dimensions of the coupling ele- 
ments are eased which in turn meet bandwidth toler- 
ance specifications more readily. Tuning of the half- 
wavelength resonator strips with screws centered above 
and below the strips was necessary to obtain an accept- 
able symmetrical band-pass characteristic. Representa- 
tive tuning screws for each half-wavelength strip are 
sketched in Fig. 4. 

Experimental strip-transmission-line half-wavelength 
resonator directional filters having one to five per cent 
bandwidths at S band have been developed with less 
than 2 db mid-band insertion loss. A three-section 
Tchebycheff filter with two per cent bandwidth, having 
a rejection greater than 25 db at frequencies two per 
cent from the center frequency, had a midband insertion 
loss of 1 db with no spurious responses over a two to one 
band of frequencies. The air-strip-transmission-line 


2S. B. Cohn, “Direct-coupler-resonator filters,” Proc. IRE, vol. 
45, pp. 191-192; February, 1957. 

3G, L. Ragan, “Microwave Transmission Circuits,” M.I.T. Rad. 
Labs. Ser., vol. 9, McGraw-Hill Book Company, Inc., New York, 
N. Y., pp. 677-706; 1948. 
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Fig. 1—Half-wavelength resonator directional filter configurations. 
(a) Basic half-wavelength resonator directional filter. (b) Three 
section direct coupled directional filter. (c) Three section quarter- 
wave coupled directional filter. 
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Fig. 2—Insertion loss response characteristics 
of a directional filter. 


filters were fabricated from copper clad Teflon-fiber- 
glass sheets by using engraving techniques. The design 
techniques discussed in this paper are general and thus 
are not confined to the above-stated filter character- 
istics. 

DEsIGN PROCEDURE 


This design procedure is for quarter-wave coupled 
directional filters. The major portion of the development 
of this type of filter lies in the design of the band-pass 
filter which contains the half-wavelength resonators 
between the input and output transmission lines of the 
filter. The first step in the synthesis of such filters is the 
selection of the transmission coefficient corresponding 
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Fig. 3—n-section quarter-wave coupled half-wavelength 
resonator directional filter. 
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Fig. 4—Tuning screws for one resonant strip in a balanced 
air strip-transmission-line. 


to a network having the desired rejection-band char- 
acteristics. In multiplexing signals of closely spaced 
frequencies, the skirt selectivity specification of each 
filter in the multiplexer is very important as well as uti- 
lizing a minimum of space as most present-day applica- 
tions require. Therefore, for given band rejection char- 
acteristics or skirt selectivity, fewer elements are re- 
quired when the synthesis is based ona Tchebycheff dis- 
tribution of the first kind with small tolerable ripple 
rather than a Butterworth distribution. Following the 
selection of the transmission coefficient, the correspond- 
ing low-pass prototype filter can be synthesized from 
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which a low-pass to band-pass transformation is to be 
made. From the low-pass prototype the normalized 
reactive parameters can be obtained for use in the fol- 
lowing procedure. 

Assuming a narrow bandwidth and infinite unloaded 
Q, the loaded Q, Qo, of the filter may be stated as fol- 
lows: 


we 
Af 


where fo is the center frequency and Af is the filter 
bandwidth of the band-pass filter. In practice, (1) is 
very accurate even though the unloaded Q is far from 
infinite. The loaded Q, Qzn, of each mth half-wavelength 
element is determined by the prototype normalized re- 
active element values, C,, from the equation: 


Since the end discontinuity is the same at both ends of 
a resonant strip of a quarter-wavelength coupled filter 
when the filter is loaded at each end by equal resistances, 
the normalized coupling reactance, | X,|, of these end 
gaps for each mth half-wavelength resonant element is 


specified 
4 4 
T 


This condition exists in the subject filter due to the fact 
that the input and output tabs will present equal resist- 
ances at the terminals of the conventional filters which 
are utilized to construct the V arms of the directional 
filter. 

For filters with 10 per cent or less bandwidth, (3) is 
accurate enough for most applications. Thus by sub- 
stituting (2) into (3) a very useful relation is found: 


Be 4 


By synthesizing the desired transmission coefficient or 
utilizing Weinberg’s tables,> the low-pass prototype 
normalized element values, C,, are obtained which de- 
termine each normalized gap reactance, | X,|. By uti- 
lizing a reference table of normalized capacitive react- 
ance, | X| , VS gap spacing, g, in inches, the gap distance 
between strips can be determined. For narrow band fil- 
ters at S band such a graph is shown in Fig. 5. This data 
was obtained by utilizing Bradley’s method® of one 
stage strip-transmission-line filters having different 
gap spacings at a specified frequency. 


Qo (1) 


‘E. H. Bradley, “Design and development of strip-line filters,” 
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From Cohn’ the separation of gap reactances, /,, for 
each nth resonant element when the two end gap dis- 
continuities for each nth resonant strip are equal may 


be stated 
2 
< aw — tan! cal 
[ig xe, ae fe (5) 
22 1 
where 
No 
ln = (6) 
i WV €r 


\,o =strip-transmission-line wavelength at center fre- 
quency of filter 
do =electrical wavelength at center frequency of 
filter in air 
€,=relative dielectric constant of transmission 
medium. 


A band-pass filter layout with designated dimensions is 
shown in Fig. 6. The quarter-wavelength coupling di- 
mensions, S,_1,, between the »—1 and mth resonant 
elements are set simply by 


Pres FF ek an By ns ra (7) 


By inserting one of these band-pass filters into each of 
the two V arms of the directional filter, the resultant 
configuration is as shown in Fig. 3. In Fig. 3 the dis- 
tance, /7, corresponds to that in Fig. 6. 

For the filter to present a high impedance to the 
main transmission line (arm 1—2 in Fig. 3) in the stop 
bands of the band-pass filter, the length, /,, in Fig. 3 
must necessarily be a small part of a wavelength. It was 
found experimentally that the filter will have a low ac-. 
ceptable mid-band insertion loss when /, satisfies the 
following equation: 


1, = 0.060" + = (8) 


where g; is the width of the first and last gap of the filter 
in inches. 


EXPERIMENTAL RESULTS 


By utilizing the design procedure for quarter-wave 
coupled directional filters, filters with band-pass response 
characteristics of the Butterworth or Tchebycheff type 
can be designed and fabricated with a midband insertion 
loss of less than 2 db. When utilizing either type of 
coupling technique, especially direct coupling, close 
electrical tolerances on the pass-band characteristics 
require extreme mechanical fabrication tolerances. 
Since all the filters to be discussed were fabricated by 
engraving methods, copper residue fibers within the 
coupling gaps, which normally remained after the en- 


7S. B. Cohn, of. cit., p. 192. 
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Fig. 5—Reference data of normalized reactance vs gap spacing 
for strip-transmission-line S-band filters. 
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Fig. 7—Butterworth response characteristics of a two section 
quarter-wave coupled directional filter. 


graving process was completed, were removed by clean- 
ing with ferric chloride and subsequent washing with 
methyl alcohol. Thus, by cleaning the coupling gaps a 
more reproducible band-pass characteristic can be ob- 
tained. 

Figs. 7 and 8 show insertion loss response character- 
istics of quarter-wave coupled Butterworth and Tcheby- 
cheff filters respectively. It should be noted in these two 
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Fig. 8—Tchebycheff response characteristics of a three section 
quarter-wave coupled directional filter. 
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Fig. 9—Tchebycheff response characteristics of a three section 
direct coupled directional filter. 


filters, each with a loaded Q of the same order of magni- 
tude, that the Butterworth filter has a midband inser- 
tion loss of 0.2 db as compared to the Tchebycheff 
filter with a 1.0 db loss. The Tchebycheff design of Fig. 
8 has the desirable feature of possessing more than 25 
db selectivity at frequencies two per cent from the cen- 
ter frequency. The response characteristic of a direct 
coupled Tchebycheff filter is shown in Fig. 9. Both 
Tchebycheff filters of Figs. 8 and 9 were designed to 
have a 1 db ripple in the pass band. 


172 


In many applications, filters of the type described in 
this paper must have a large insertion loss over a wide 
frequency spectrum outside of their fundamental pass 
bands. Spurious responses were observed at approxi- 
mately integer multiples of the fundamental but were 
less pronounced as the frequency increased. Spurious 
responses of this type can be removed with a low-pass 
filter having a cutoff frequency somewhat less than that 
of the first spurious response. 

By properly placing an adjustable short in arm 3 of 
the directional filter, any mismatch which may be due 
to improperly tuned filter elements or the crystal out- 
put detector in arm 4 may be partially tuned out. The 
results of such a test are plotted in Fig. 10. It is seen 
that the adjustable short improves the midband inser- 
tion loss as well as decreasing pass-band ripple. As the 
bandwidth becomes relatively wider, the short is less 
effective since it is a frequency-sensitive device. This 
situation was made possible since the directivity of arm 
3 was far from infinite. 
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Fig. 10—Directional filter Tchebycheff response characteristics 
with different loading of the directivity arm number 3. 


In an effort to further improve the midband insertion 
loss of narrow band directional filters, the copper clad 
Teflon-fiberglass was silver-plated several times the 
thickness of the skin depth at S-band frequencies, after 
which the filter was engraved. Although it was felt 
that this would increase the unloaded Q of the strip- 
transmission-line structure, no improvement of the 
midband insertion loss over the standard copper clad 
dielectric was observed. The most noted improvement 
of insertion loss was obtained using a Butterworth de- 
sign rather than a Tchebycheff of the same loaded Q. 
Experimentally the improvement varied from 0.2 to 
0.8 db, depending on the loaded Q and the selectivity 
desired. : 

Three of these directional filters engraved on one 
copper clad Teflon-fiberglass card as shown in Fig. 11 
had a multiplexed insertion loss characteristic as shown 
in Fig. 12. The bandwidth of each filter is 60 mc and the 
center frequencies were spaced 60 mc apart. From the 
insertion loss and VSWR plots of these filters, it is seen 
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Fig. 11—Three multiplex directional filters: assembled 
unit and center conductor. 
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Fig. 12—Insertion loss and VSWR characterissics of three 
S-band multiplexed directional filtter. 


that the theory of the directional filter proves to be ex- 
cellent in practice. 

A multiplexed filter array consisting of a number of 
filters operated very well under extreme environmental 
temperature. The center frequency of the S-band filters 
shifted approximately one mc at a temperature of 
125°C as compared to room temperature. 

The tuning procedure developed for these directional 
filters is an easy and rapid technique of tuning and will 
be discussed in the next section. It was found experi- 
mentally that the center frequency of these narrow band 
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‘directional filters could be shifted approximately +2 
per cent about the designed center frequency without 
noting any deleterious effects on the band-pass character- 
istics. 

TUNING PROCEDURE 


The tuning procedure for direct or quarter-wave 
coupled filters involves a method of quarter-wave shift- 
ing the VSWR nulls on the input transmission line to 
the filter. The procedure to follow will refer to the cir- 
cuit layout in Fig. 13. Adjustment of any tuning screws 
for a meter deflection must carefully be made for the 
maximum possible meter deflection while keeping each 
pair of tuning screws equidistant from the resonant bal- 

-anced strip-transmission-line. 


VSWR Detector 


Traveling Probe INWANDateator 


S-Band 


Generator Coaxial 
Slotted 
Line 
Two Tuning 
Screws Centered 
Symmetrically 
Above And Below 
The Resonant 
Element 
Output 
Crystal 


Detector 


Crystal 
Output 
Indicator 


Fig. 13—Circuit for tuning a directional filter. 


Procedure: 

1) With the signal generator calibrated to the filter 
center frequency and all tuning screws shorted to the 
resonant strips, place a 50 ohm coaxial load in arms 2 
and 3 and acrystal detector in arm 4. 

2) Adjust the second resonant section (containing 
screws 4, 5, and 6) by turning the screws out from the 
strips until they are flush with the ground plane. Then 
adjust these three screws one at a time for a rough mini- 
mum insertion loss as measured with the crystal output 
detector. 

3) Remove the 50 ohm load in arm 2 and replace 
with a variable short. Carefully adjust this short until 
minimum insertion loss is measured with the output 
crystal detector. This short reflects an open circuit to 
the input junction of this second resonant section. 

4) Re-short all the tuning screws (4, 5, and 6) and 
with the slotted line locate two nulls in the standing 
wave pattern. Interpolate the position of these nulls 
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to locate the maximum point between the nulls and 
place the slotted line probe at this maximum. 

5) Tune the pair of tuning screws (4) nearest the in- 
put line of the second resonant section until maximum 
VSWR is obtained and lock in place. 

6) Move the slotted-line probe one-quarter wave- 
length in either direction to one of the original nulls 
(now a maximum). Tune the middle pair of tuning 
screws (5) for a maximum and lock in place. 

7) Tune the last pair of tuning screws (6) for mini- 
mum insertion loss as measured with the output crystal 
detector (the VSWR will become a minimum) and lock 
in place. 

8) Readjust the variable short in arm 2 for a maxi- 
mum VSWR. The short will now reflect a short circuit 
at the input junction to the second tuned resonant sec- 
tion and an open circuit to the input junction of the 
first untuned resonant section due to the #\, coupling 
distance between junctions. 

9) Tune screws 1, 2, and 3 in the first resonant section 
respectively the same as screws 4, 5, and 6 in the second 
resonant section according to the steps 5, 6, and 7 of this 
procedure. 

10) Replace the variable short in arm 2 with a 50 
ohm coaxial load and insert a variable short in place of 
the load in arm 3. Adjust this short for an optimum 
band-pass characteristic. This short in arm 3 when posi- 
tioned properly will partially tune out any small mis- 
matched reactances in the output line (3-4) which may 
be present due to the filter, crystal detector, or both. 

11) If more than one directional filter is connected 
to line 1-2, screws 1 and 4 of all untuned filters should 
be shorted to the strip-transmission-line while one filter 
is being tuned. Once a filter is tuned properly it should 
have no effect on adjacent filters while they are being 
tuned. 

CONCLUSION 


The design formulas presented here provide the en- 
gineer with a practical design procedure for the develop- 
ment of narrow band half-wavelength resonator di- 
rectional filters having a specified bandwidth and skirt 
selectivity in a strip-transmission-line structure. Since 
the tuning of this filter is relatively simple, the authors 
feel that this type of filter will prove desirable for some 
multiplexing applications. 
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A High Average Power Broad-Band 
Ferrite Load Isolator for S Band* 


A broad-band high average power S- 
band load isolator has been developed by 
using a dielectric loaded waveguide and a 
composite ferrite. A partial height dielectric 
was centrally mounted on the broadwall of a 
vertically constricted S-band waveguide, 
Fig. 1. The cross section dimensions of the 
dielectric were chosen to increase the oper- 
ating bandwidth of the isolator. Adjacent to 
either side of the dielectric 2 thin flat slabs 
of ferrite were positioned. A large ratio of 
ferrite width to thickness was chosen to 
achieve maximum heat dissipation. The 
ferrite element was composed of 2 ferrite 
types. Towards the source end of the isolator 
a long length of a narrow resonance line- 
width and low dielectric loss ferrite was 
mounted. This portion of the ferrite element 
provided the majority of the isolation loss. 
However, since this ferrite possessed only a 
moderate Curie temperature the average 
effective power handling capacity of the 
isolator composed of this ferrite alone was 
limited to less than 1600 watts. To maintain 
a large value of the isolation loss in the 
presence of an appreciable load mismatch 
a second ferrite piece of a higher Curie tem- 
perature ferrite was employed. A small 
length of the higher Curie temperature 
ferrite was mounted adjacent to the first 
ferrite and towards the load end of the 
isolator. The length of the second ferrite was 
chosen to provide 3 to 4 db isolation loss. 


NARROW AH 


FERRITE 
SS 


HIGH T, 
FERRITE 


A 1,0, 


WATER COOLED 
SURFACE 


eee: 


FERRITE 
N SAR 


TOWARDS LOAD 


Fig. 1—Basic elements of the high-power 
S-band isolator. 


A skew transverse magnetizing field was 
employed which assisted in increasing the 
bandwidth of the isolator. Magnetic field 
skewing was produced by magnetizing the 
upper and lower permanent magnets un- 
equally. A reduction of magnet size was 
accomplished by employing a vertically 
constricted waveguide at some sacrifice of 
the peak power handling capacity. 

High average power performance was 
measured with a nominal 600-800-watt CW 
magnetron tunable over the 2.5 to 3.7-kme 
band. Isolation loss was checked at low and 
high powers. Measurements of insertion loss 
were made in detail at low power and 
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checked at selected frequency points at high 
power. This simplification in measurement 
was permissible since it was found that 
insertion loss decreased very slightly at the 
higher average powers. 

In addition to isolation and insertion 
loss the power absorbed by the ferrite was 
determined with the isolator operating at 
high average power in the reverse direction. 
This technique enables the simulation of 
high average power operation with moderate 
power sources. From a knowledge of these 
quantities it is possible to compute the 
effective average power capacity, Pers, of 
the isolator when operating into a given load 
mismatch as follows: 


Pes (1 a Tr) ae UTP ets (1 a Tr) = hs 


Pats 


Por = 


1 
1 TV 1-Te-—) 
+ Tr ( ae 


where Pabs is the average power absorbed 
by the ferrite in the reverse direction. 


T is the power reflection coefficient of 
the load. 

Tr is the isolator power transmission 
coefficient in the insertion loss direc- 
tion. 

Tr is the power transmission coefficient 
in the isolation loss direction. 


The computed effective power capacity 
yields a value which is less than the actual 
power capacity. This discrepancy occurs 
because the present measurement of the 
absorbed power is made under conditions 
wherein the heat absorbed is concentrated 
in a limited portion of the ferrite length. In 
practice a large proportion of the dissipated 
power would be more uniformly distributed 
throughout the sample as a result of the 
insertion loss absorption. 

For the ferrites and ferrite geometry em- 
ployed in these studies, high-power non- 
linear phenomena were not evident. In ex- 
perimental circumstances, where ferrites of 
lower resonance line width or higher satura- 
tion magnetizations are employed, or where 
higher RF powers and ferrite geometries 
more susceptible to spin wave instabilities 
are utilized, direct measurement of isolator 
performance at the rated power levels must 
be made to evaluate the nonlinear effects. 

Fig. 2 presents performance data taken 
for a water cooled isolator operating at 2 ef- 
fective power levels; milliwatt and greater 
than 1650 watts CW (2:1 load mismatch). 
The ferrite elenient consisted of a combina- 
tion of magnesium manganese and _ nickel 
ferrite slabs positioned as shown in Fig. 1. 
The isolation to insertion loss db ratio mani- 
fested while the unit was absorbing 400 
watts CW in the reverse direction was found 
to be in excess of 20/1 over greater than 15 
per cent bandwidth. 

Fig. 3 presents performance data for an 
isolator constructed from a single type of 
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Fig. 2—Performance data for a high-power load iso- 


lator using magnesium manganese R-1 and nickel 
ferrite 106. 
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Fig. 3—Performance data for a high-power load iso- 
lator using Nio,7Cuo,3M bo, o2Fe1,9Os ferrite. 
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Fig. 4—Performance data for a high-power load iso- 
lator using Nio,7Cuo,sMno,o2F 1,904 and nickel fer- 
rite, ferroxcube 106, 


nickel ferrite of composition Nio,7Cuo.s- 
Mno.o2F 1,904. A noticeable frequency shift 
of the peak isolation occurs as the power is 
raised. The shift of the resonance peak to- 
ward the higher frequencies arises from the 
decrease of saturation magnetization of the 
ferrite that accompanies ferrite heating. 
Fig. 4 shows performance data of an iso- 
lator constructed with the nickel ferrite used 
in Fig. 3 plus a portion of a higher Curie 
temperature nickel ferrite. Ferroxcube 106, 
positioned on the load end of the unit. The 
effective power capacity when operating 
into a 2/1 load mismatch exceeded 3000 
watts CW for 14 db or greater isolation and 
0.6 db or less insertion loss throughout the 
2.8 to greater than 3.6 kmc band (>25 per 
cent bandwidth). A greater than 3700-watt 
effective average power capacity is shown 
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for curve B. A comparison of the data of 
Figs. 3 and 4 reveals the improvement in 
average power handling capacity obtained 
by using a high Curie temperature tip of 
ferrite positioned on the load end. The trend 
of decreasing isolation loss at the low end of 
the band as the effective power is raised is 
markedly reduced in Fig. 4, where, for the 
composite ferrite isolator, isolation loss at 
2.9 kmce is greater than 15 db for an effective 
average input power of 3200 watts. Without 
the high Curie temperature ferrite the isola- 
tor of Fig. 3 displays a reverse loss of <13 db 
at 2.9 kmc for an effective average input of 
only 1500 watts. 
E. N. SKOMAL 
Sylvania Microwave Phys. Lab. 
Mountain View, Calif. 


Reflection Coefficient of Z-Plane 
Tapered Waveguides* 


In a paper by Matsumaru,' formulas of 
the input reflection coefficients of the line- 
arly and sinusoidally E-plane tapered wave- 
guides are given. Excellent agreements be- 
tween the theoretical and experimental re- 
sults have been found in both cases. In this 
note we wish to add some analytical re- 
marks. 

The analysis given in the above paper is 
different from the rigorous one given by 
Walker and Wax.? The latter led to a non- 
linear differential equation 

dR 1 — R? 

dx aah 2 
where R is the reflection coefficient, Z(x) is 
the surge impedance of the tapered line, and 
y=a+j6 is the wave propagation constant. 
If the tapered line is loss-free, then we have 
+ =j8. On the assumption that the phase 
constant, 8 is independent of x, and that 
R*K1, Bolinder? obtained an approximate 
expression of the input reflection coefficient 


eel fed . 
=— | —[nZ(x)|-co*dx (2) 
2 0 dx 

for a finite tapered line of length J, termi- 

nated by Z(0) =Zi and Z(l) =Z, at each end. 
It may be shown that Mr. Matsumaru’s 

equations (4) and (12) are equivalent to (2) 

in this communication. On substitution of 

the surge impedance of a sinusoidal taper 


A ao Zo Zi i Zs ei (=) (3) 


Z(x) = 5 Eee 
into our (2), we obtain his (12). Substituting 
the surge impedance of a linear taper 


Lae [Z(x)]=0 (1) 
dx 
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3 F, Bolinder, “Fourier transforms in the theory of 
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into our (2), and letting «=y-+4//2, we ob- 
tain his (4), with its independent variable x 
being replaced by y. Therefore, it appears 
that Bolinder’s assumption of R’<1 should 
also apply to Mr. Matsumaru’s analytical 
results. This is not, however, stated explicitly 
in his paper. 

For a linearly tapered line defined by (4), 
(2) may be integrated exactly in terms of Ci 
and Sz, the cosine and sine integrals. The in- 
put reflection coefficient is 


R = 4ei2{ [Ci(us) — Ci(m) | 
— j[Si(u2) — Si(m)]} (5) 


where u,;=281/(kR—1), uw2=2B1k/(R—1) and 
k=Z,/Z,. This expression appears to be 
somewhat simpler than Mr. Matsumaru’s 
(8), and his (7), a binomial-expansion ap- 
proximation, is not necessary in this case. Ifa 
change of variable, w=28(q1+<«), is made, 
his (5) leads directly to the above result— 
our (5). 

In the treatment of a sinusoidally ta- 
pered line, noting that r= (Z,—Z2)/(Z2+Z,) 
tends to zero first, and letting / tend to zero 
next, Mr. Matsumara showed how his (15) 
becomes 


R= (22 — Z:)/(22 + Z), 


the reflection coefficient of two directly con- 
nected waveguides. It is felt that this state- 
ment, although correct, might mislead one 
to think that Matsumaru’s (12) is exact. To 
clarify this point, we let / in his (15) tend to 
zero first and retain the higher order terms; 
(15) then becomes 


are (FS) a 1 FS) + 
im R = 
0 Lo4Li 3 \Zo+Z: 
1 Z2 
+ — ed In —_ 
2 Zi 


It is seen that as / tends to zero, R tends to $ 
In (Z2/Z;) rather than to (Z2—Z1)/(Z2+Z1). 
This limiting case indicates somewhat the 
approximate nature of Matsumaru’s (12), 
from which his (15) is derived. It might be 
said that the approximation becomes in- 
creasingly good as 7 tends to zero; then 


lim R 1 | Z2 oy Zo—L1 
i eee Nie See 
“0 Vell 


1-0 2 

It is also noted that our (5) also becomes 
1 In (Z,/Z;) as 1 tends to zero. As long as we 
use our (2) or its equivalent—Mr. Matsuma- 
ru’s equations (4) and (12)—this is true, re- 
gardless of the nature of Z(x) or type of 
taper. This can be seen directly from our 
(2), in which the phase factor tends to unity 
as I tends to zero. Direct integration gives 
the proof. 

Eq. (2) in this demonstration may be 
considered as the first approximation of the 
solution to our differential equation (1), 
which—together with higher order approxi- 
mations—has been discussed elsewhere.* In 
general it may be said that if the length of 
taper is longer than half of a guide-wave- 
length, the second order approximation has 
no significant effect. 

RicHarp F. H. YANG 
Andrew Corporation 
Chicago, Illinois 


4. Solymar, “On higher order approximations to 
the solution of nonuniform transmission lines,” Proc. 
IRF, vol. 45, pp. 1547-1548; November, 1957. 
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Author’s Comment® 


I am grateful to Mr. Yang for his re- 
marks regarding my paper; his detailed re- 
marks strengthen some of the weak points 
in it. 

First, his analysis of his (4) is known to 
me, and I have no further comments to 
make on it. Next, his formula (5) is probably 
quite useful in calculating the reflection co- 
efficient of linear tapers. In the latter part of 
his communication, he has made some re- 
marks on the limiting cases of R. Although I 
had previously considered these analytical 
studies, I did not discuss them fully since 
they seemed to be too detailed for my paper. 

As I mentioned in my paper, the main 
purpose was to present practical design data 
rather than detailed analyses. I would like to 
take this opportunity to add some comments 
on the experimental data described in my 
paper. Figs. 1 and 2, plotted in the K-plane, 


—input plane 


Fig. 1—Results of experiments, part I (Z2/Z: =2.0). 
Te are shown for linear-taper lengths from 4 to 
17 cm. . 


input plane 


r-jx + r=0 rtjx 


Fig. 2—Results of experiments, part III (Z1/Z2=2.4). 
The normalized sinusoidal-taper length 1/A, was 
varied from 0.5 to 1.0. 


show the reflection coefficients of the data 
obtained from experiments, parts I and III, 
respectively. The conically looped circular 
loci of R of the linear tapers in Fig. 1 show 
the typical behavior for the cases of Z2>Z1. 
It should be mentioned that the position of 
R follows almost the course of one conical 
cycle every half-wavelength (4.9 cm), For 
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the cases of Z,;>Z2, (experiments, part I1), 
the loci of R are like open eccentric spirals 
about the center. The loci of sinusoidal 
tapers in Fig. 2 appear similar to a reduced 
concentric spiral about the center; these are 
typical for the cases of Z;>Z:. The position 
of Ralso sweeps almost one cycle every half- 
wavelength. The locations in the K-plane 
and the forms of these loci are almost identi- 
cal for several surge impedance ratios; hence 
these two figures depict typical character- 
istics for the general cases. Moreover, re- 
garding the limiting cases of /=0 for linear 
tapers, I have obtained reasonable data for 
the behavior of R. 
K. MATSUMARU 
Elec. Comm. Lab. 
Kichijoji, Tokyo, Japan 


The Permeability Matrix for a Fer- 
rite Medium Magnetized at an Ar- 
bitrary Direction and Its Eigen- 
values* 


In analysis of propagation through mag- 
netized ferrites it is usually assumed that the 
applied magnetostatic field is along one of 
the axes of the microwave carrier. It may be 
of interest to analyze the more general case; 
one in which the applied magnetostatic field 
is at an angle arbitrary to the axes of the 
microwave carrier. 

If the geometry of Fig. 1, where Hy 
stands for the applied magnetostatic field 
and the carrier axes are x, y and 2, is as- 
sumed, then, using the equation for the mo- 
tion of the magnetization! 


0M 


the following relation between the vector B 
and A results: 


Be u+(uo—m) sin? 6 cos? p 


or, in short notation, 


* Received by the PGMTT, September 12, 1958. 
1 Polder, “On the theory of electromagnetic 
resonance,” Phil. Mag., vol. 40, pp. 99-115;'1949, 


Be Sto, 
sin? @ sin 26—jx cos 0 


MB, i 
sin 20 cos ¢+ 7x sin @ sin} 
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B= MH (3) 


where the usual approximations of small 
signal theory! have been used. One may ob- 
serve that this completely general permeabil- 
ity matrix still preserves Hermitian char- 
acter as long as losses are neglected; and, of 
course, it reduces to simple well-known 
forms in cases when Hy is along any of the 
axes of the microwave carrier. 

It may be sometimes desirable to express 
the relation between the vectors B and A in 
a canonical form. This can be accomplished 
by finding the principal axes of the medium 
—or, to put it differently—by finding a co- 
ordinate system in which there exists a rela- 
tion of the form 


(Ba’) a (aa) (H') (4) 


where B,’ and H,’ are the components of the 
magnetic induction and magnetic intensity 
along the axes of the new coordinate system, 
and (Aga) is a diagonal matrix composed of 
the eigenvalues of the permeability matrix 
of (2). The procedure of finding the com- 
ponents of the matrix (Age) is usually re- 
ferred to as an eigenvalue problem.? In our 
case it amounts to finding an unitary matrix 
P such that 


PMP = (Naa) 


Pa eee (5) 
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+ (uo + ») cos? d 
Ho — B&B 


sin 26 


je sin d 


(4 + (uo — u) sin? ¢ 
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tensity from the original to the new coordi- 
nate system are 


jay = 25; 
jal = Jat, (6) 
To find the matrix P we solve the eigenvalue 
equation 
(M — I\)U = 0 (7) 
where U is a matrix composed of three row 
vectors from which the matrix P can be con- 
structed by means of an orthonormalization 


process.? Eq. (7) has a unique solution only 
if the determinant 


| M—1r| =0, (8) 
which yields the results 
AL2 = woiK 
As = Ho- (9) 


The eigenvalues of (9) are exactly the same 
as they would be if the applied magneto- 
static field were along any one of the coordi- 
nate axes of Fig. 1. This fact may be some- 
what surprising. 

The amount of algebra involved in find- 
ing the matrix P corresponding to the per- 
meability matrix of (2) is prohibitive. We 
shall try a simpler but still general enough 
case in which the applied magnetostatic 
field is in the «—y plane, 7.e., 0=2/2 in 
Fig. 1. In such a case the permeability?ma- 
trix becomes 


paket Suen Oey a 
sin 2¢ —jx sin } 


jk cos ¢|. (10) 


—jk cos } B 


Fig. 1. 


ae sin? @ sin 26-++7« cos @ aes 


Hoh 


u+(uo—x) sin? 6 sin? ¢ 5 


sree : 2 
sin 26 sin ¢—jx sin 6 cos @ 


The transformation of the components of the 
magnetic induction and the magnetic in- 


2 See, e.g., H. Goldstein, “Classical Mechanics,” 
Addison-Weseley Publishing Co., Inc,, p. 119, 1956, 


Ho—(uo—p) sin? 6 


Mw, “i at . 
sin 20 cos ¢—jx sin @sin¢ | | A, 


sin 2@ sin ¢+jx sin 6 cos ¢ | | Hy | (2) 


|| a. 


The corresponding unitary matrix P can be 
found to be 


3H. Goldstein, ibid., p. 328. 
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TABLE I 


Original coordinate New coordinate 


system system 
0B 0B’ 
V XE= —- — |V’' XE = -— 
at ot 
oD aD’ 
VxXH=j+—| Vv’ XH*=;' +— 
al al 
V-B= V'-B’ =0 
V:D=p V':D' =p’ 
[B = MH B’ =(\ea)H’ 
D=cE D! = eE!* 


Transformation equations 


B’ = PB 

Ho— PH, 

E’ = —jP*E 

D' =jPD 

f= I5PJ 

Vv’ =P*V 

p’ = —jp 
sing cos@ 1 
Biante. 7a 

Projet je Ty). an 

V2 JZ /2 
cos ¢ sing 0 


We can now transform the entire set of 
Maxwell’s equations to the new coordinate 
system which, we hope, will be simpler to 
work with. Table I shows the results. 

It is indeed the case that the Maxwell 
equations—including the relations between 
the magnetic induction and magnetic in- 
tensity, and electric displacement and elec- 
tric intensity—are much simpler in the 
primed than in the unprimed form. It may 
be an advantage in a particular problem 
involving arbitrary angle of magnetization 
of a ferrite to work in the primed system as 
far as possible before switching back to the 
original one. 

GEORGE TYRAS 
Boeing Airplane Co. 
Pilotless Aircraft Div. 
Seattle, Wash. 
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Resistive-Film Calorimeters for 
Microwave Power Measurement* 


Two papers!” published recently in these 
TRANSACTIONS have described calorimetric 
techniques for the measurement of micro- 
wave power at the milliwatt level which are 
free from the limitations inherent in existing 
methods using resistance-type milliwatt- 
meters, 

As the authors point out, the develop- 
ment of improved techniques is especially 
important at frequencies of the order of 104 
me and above. Somewhat similar work has 
recently been carried out in the United 
Kingdom at the Radio Research Station, 
Slough, and this note summarizes the es- 
sential features of the techniques used. 

A 3-cm band calorimeter?’ in the form of 
a differential air thermometer has been de- 
veloped for the power range 10-100 mw. 
This consists of two identical tapered resis- 
tive films located inside thin glass cells which 
are connected by a capillary tube containing 
a movable liquid index. One film absorbs the 
input microwave power and the other serves 
as a control against variations in ambient 
temperature. A measurement is made in 
terms of the equivalent dc power by a null 
technique. The input voltage standing-wave 
ratio (VSWR) is less than 1.15 over the band 
8800-10,000 mc. 

Comparison experiments have shown that 
the error limit is not more than +2 per cent. 
The instrument is extremely compact, and 
could be adapted for use at other frequencies. 

Sucher and Carlin suggest that the sub- 
stitution error in their calorimeters would be 
reduced to a minimum by using a trans- 
verse film as the absorbing load. This tech- 
nique has in fact been used by the author for 
the measurement of power flow in rectangu- 
lar waveguides, preliminary details being 


* Received by the PGMTT, September 22, 1958. 

1M. Sucher and H. J. Carlin, “Broad-band calo- 
rimeters for the measurement of low and medium level 
microwave power. I. Analysis and design,” IRE 
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, 
vol. MTT-6, pp. 188-194; April, 1958. 

2 A.V. James and L. O. Sweet, “Broad-band calo- 
rimeters for the measurement of low and medium level 
microwave power. II. Construction and performance,” 
IRE TRANS. ON MICROWAVE THEORY AND TECH- 
NIQUES, vol. MTT-6, pp. 195-202; April, 1958. 

3 A. C. Gordon-Smith, “A milliwattmeter for centi- 
metre wavelengths,” Proc. IEE, vol. 102, pp. 685-686; 
September, 1955. 
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published in 1956.4 A thin mica strip sput- 
tered with platinum is located in the trans- 
verse plane, and with the optimum value of 
film resistivity an input VSWR of 1.1 or less 
can be obtained over the band 8500-10,000 
me, if the film is followed by a movable 
plunger. The input power can be determined 
in a de calibration by utilizing the change of 
resistance produced in the platinum film, or, 
more conveniently, by observations of the 
temperature rise indicated by a thermo- 
couple attached to the film. The wires of the 
thermocouple are parallel to the broad face of 
the waveguide. A detailed comparison® at 
9200 mc, against reference standards oper- 
ating at higher power levels has already con- 
firmed that the technique affords a simple 
yet accurate method of power measurement 
in the range 1-100 mw. 

Recent experiments (details of which are 
shortly to be published) have shown that 
this type of film bolometer can still be used 
at frequencies as low as 3000 mc. Further- 
more, if a stable multirange dc amplifier is 
connected to the thermojunction, powers in 
range 100 »w-100 mw can be measured in a 
single instrument. Using this arrangement, 
the time constant of the 3-cm band model is 
not more than 5 seconds, compared with 
2.6 minutes for the calorimeter described by 
James and Sweet.? The error limit is ap- 
proximately +2 per cent at 100 mw and 
+5 per cent at 100 ww. Measurements at 
the latter level are at present limited in their 
accuracy as a result of random fluctuations 
in ambient temperature and amplifier gain. 
At a frequency of 10,000 me, these fluctua- 
tions result in output variations equivalent 
to a power of about 3 uw. This “noise level” 
could probably be reduced by isolating the 
absorbing load in the manner described by 
James and Sweet.? 

This note is published by permission of 
the Director of Radio Research of the De- 
partment of Scientific and Industrial Re- 
search, England. 

J. A. LANE 
Dept. Sci. Indust. Res., Radio Res. Station 
Ditton Park, Slough, Bucks, England 


4J. A. Lane, “A film radiometer for centimetre 
wavelengths,” Nature, vol. 177, p. 392; February, 
1956. 

5 J, A. Lane, “Transverse film bolometers for the 
measurement of power in rectangular waveguides,” 
Proc. IEE, vol. 105, pp. 77-80; January, 1958. 
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PGMTT News 


Welcoming addresses were given at the 1958 PGMTT National Symposium by A. L. Aden (left), Symposium Chairman, Professor H. H. Skilling (center), 
Stanford University, and W. L. Pritchard, Chairman of the PGMTT Administrative Committee. 


1958 NATIONAL SYMPOSIUM 


Stanford University was the location of 
the 1958 PGMTT National Symposium, 
held on May 5-7. Four hundred and thirty- 
seven registrants attended the six technical 
sessions held in Cubberley Auditorium. 

Thirty-nine papers were given, six of 
which had been invited. Highlighting the 
technical sessions were papers on new ferrite 
devices, solid-state microwave amplifiers, 
and high-power filters. 

Dr. Frederick E. Terman, Provost and 
Dean of Engineering, Stanford University, 
gave the keynote address,” Basic Research 
in Industry and Education,” at the Annual 
Banquet held on May 6th. W. L. Pritchard, 
Chairman of the Administrative Committee, 
presented the Microwave Prize certificate to 
Dr. Harold Seidel of Bell Telephone Labora- 
tories. The Group’s annual prize was an- 
nounced in the October issue of these TRAN- 
SACTIONS. 


The technical papers presented during Members of the Program Committee are (left to right): G. J. Wheeler, Sylvania Microwave Physics 

the three-day Symposium are featured in Lab.; S. B. Cohn, Stanford Research Institute; H. J. Shaw, Stanford University; P. H. Vartanian, Jr., 

Sel y symp ure Microwave Engineering Labs.; P. D. Lacy, Hewlett-Packard Co.; E. M. T. Jones, Stanford Research 
this issue. Institute; K. Tomiyasu, General Electric Microwave Lab.; A. L. Aden, Sylvania Microwave Physics Lab. 


Plans for the National Symposium were coordinated by the Steering Committee (left to ri. i 
? rie ker : ) b e ight): W. A, Edson, G i p 
i omen ea Pron, Gene lose Mrynaee Lab oR ler scomtarnned fesetah Title) WH, Hon, Spvania Alieronave Tube kab 
Chliternies GH enced Publicity, Convent 3A. L. Aden, Symposium Chairman, Sylvania Microwave Physics Lab.; J. R. Whinnery, University of 
POEL ne ret ape ey : M Feit Pee Local Arrangements, Sylvania Microwave Physics Lab.; T. N, Anderson, Airtron, 
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Dr. Frederick E. Terman delivering the key ad- i ones ‘ F : 
er ahe Agacl POMTT Bananet keynote ad Dr. Harold Seidel receiving the Microwave Prize certificate from W. L. Pritchard. 


Seated at the dais table are (left to right): Professor and Mrs. H. H. Skilling, W. L. Pritchard, Mrs. F. E. Terman, Dr. F. E. Terman, Mrs. M. Leifer, M. Leifer, 
Toastmaster, A. L. Aden, Mrs. A. L. Aden, H. Seidel, Mrs. K. Tomiyasu, and K. Tomiyasu. 


Left photo (left to right), W. W. Mumford, T. S. Saad and A. C. Beck; center photo, H. N. Chait, K. J. 
S. Weisbaum, J. H. Rowen, and W. D. Hershberger. 


Intermission during the 1958 PGMTT National Symposium. 
Button, and L. Swern; right photo, 
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CALL FOR PAPERS FOR 1959 PGMTT NATIONAL SYMPOSIUM 


On June 1-3, at Harvard University, Cambridge, Mass., the IRE Professional Group on 
Microwave Theory and Techniques will hold the 1959 PGMTT National Symposium in 
cooperation with the Division of Applied Physics, Harvard University. 


Prospective authors are requested to submit papers in the areas related to: 


Microwave Components 
Microwave Physics 
Microwave Systems. 


One-hundred word abstracts in triplicate and 500-word summaries in triplicate should be 
sent before February 15, 1959 to: 

Dr. Henry J. Riblet, Chairman 

Technical Program Committee 

1959 PGMTT National Symposium 

92 Broad Street 

Wellesley, Massachusetts 


Foreign papers are to be submitted in English. The Technical Program Committee should 
be advised if any paper will have been presented elsewhere or published prior to the Sym- 
posium. 


The Symposium Committee Chairmen are: 


Chairman, W. L. Pritchard, Raytheon Manufacturing Co. 

Assistant Chairman, H. Scharfman, Raytheon Manufacturing Co. 
Technical Program, H. J. Riblet, Microwave Development Laboratories 
Publicity, R. A. Rivers, Aircom, Inc. 

Local Arrangements, T. S. Saad, Sage Laboratories. 


ae 


* 


1959 


Contributors 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


181 


j Wesley P. Ayres, for a photograph and 
biography, please see page 268 of the Oc- 
tober, 1957, issue of these TRANSACTIONS. 


Henry L. Bachman (S’51—A’52) was born 


in Brooklyn, N. Y., on April 29, 1930. He 


received the B.E.E. degree in 1951 and 
M.E.E. degree in 
1954 from the Poly- 
technic Institute of 
Brooklyn. 

Mr. Bachman has 
been employed since 
1951 as an engineer 
by the Wheeler Lab- 
oratories, Great Neck, 
N. Y., where he has 
specialized in micro- 
wave antennas and 
transmission lines. 

He is a member 
of Eta Kappa Nu and Tau Beta Pi, and an 


H. L. BACHMAN 


associate member of Sigma Xi. 


Richard C. Becker (S’53—M’56) was born 
on March 1, 1931, in Chicago, Ill. He re- 
ceived the B.S. degree in electrical engineer- 
ing from Fournier 
Institute of Technol- 
ogy in 1953. In 1954 
he was awarded the 
M.S. degree in elec- 
trical engineering, 
and in 1956 the M.S. 
degree in mathemat- 
ics at the University 
of Illinois, where he 
is now completing 
the requirements for 
the Ph.D. degree in 
electrical engineering. 
During the summer of 1952, Mr. Becker 


R. C. BECKER 


was employed by the Illinois Bell Telephone 


Company and participated in the engineer- 
ing planning and design of a light-route 
microwave radio relay system. The following 
summer was spent at the Advanced Antenna 
Laboratory of the Andrew Corporation. 

In 1954 he was engaged in research on 


" microstrip transmission lines and compo- 


nents at the University of Illinois, and from 
September, 1954, to November, 1956, was 
employed there as research assistant in the 
Antenna Laboratory. His present position is 
that of research assistant in the Ultramicro- 
wave Laboratory at the University of Illi- 
nois, where he is working on the problem of 


submillimeter wave generation, and is a 


part-time member of the instructional staff 
of the Electrical Engineering Department. 
Mr. Becker is a member of Eta Kappa 


- Nu and Tau Beta Pi. 


W. Earl Bell was born on April 2, 1921, 
in Winnipeg, Man., Canada. He attended 
the University of Alberta, Edmonton, Alta., 
and the University 
of London in Eng- 
land. 

From 1940 to 
1945, he served as an 
electrical engineer 
with the Royal Cana- 
dian Navy. He then 
joined the National 
Research Council of 
Canada at the Chalk 
River Laboratories, 
Ont., Canada, work- 
ing on atomic physics 


W. E. BELL 


and cosmic rays. 

He became affiliated with Newmont 
Exploration Ltd., Jerome, Ariz., in 1950, 
and was engaged in exploration geophysics 
and instrument research and development. 
At Varian Associates, Palo Alto, Calif., 
where he has been since 1954, he is concerned 
with atomic physics and geophysical re- 
search. 

He has held an appointment as research 
associate in geophysics at Stanford Uni- 
versity, Stanford, Calif., since 1957. He 
holds a U. S. patent, and has eight more 
pending. 

Mr. Bell is a member of the American 
Physical Society, American Geophysical 
Union, Peninsula Geological Society, and 
the Society of Exploration Geophysicists. 


2°, 
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A. Bloom was born in Chicago, IIl., on 
March 7, 1923. After attending the Univer- 
sity of California in Berkeley for one year, he 
served with the U. S. 
Signal Corps from 
1943-1946, including 
duty in China. 

Returning to the 
University, he re- 
ceived the B.A. de- 
gree with honors in 
physics in 1947 and 
the Ph.D. degree in 
1951. His disserta- 
tion concerned “Ex- 
periments on Scatter- 
ing of 190-MEV 
Deuterons by Protons.” 

He was a research assistant at the Wes- 
tinghouse Electric Company’s Research 
Laboratories during the summer of 1947, 
and from 1948 to 1951 he was a teaching 
assistant at the University of California. 

He has been employed by Varian Asso- 
ciates, Palo Alto, Calif., since 1951. 

Dr. Bloom is a member of Phi Beta 
Kappa, Sigma Xi, the American Physical 
Society, and the American Association for 
the Advancement of Science. 


A. BLoom 


Sanborn C. Brown was born in Beirut, 
Lebanon, on January 19, 1913. He received 
the B.A. and M.A. degrees from Dartmouth 


College, | Hanover, 
Na He, in) 1935 sand 
1937, respectively, 


and the Ph.D. degree 
in physics from the 
Massachusetts Insti- 
tute of Technology, 
Cambridge, in 1944, 

From 1935-1937, 
he was an assistant 
in physics at Dart- 
mouth. He was a 
teaching fellow at 
M.I.T. from 1938 to 
1941, when he became an instructor. He was 
an assistant professor from 1945 to 1949. He 
then was appointed to his present position as 
associate professor of physics. 

In 1941 he worked as a civilian with the 
Office of Scientific Research and Develop- 
ment. 

Dr. Brown is a Fellow of the American 
Physical Society, and served as chairman of 
its Division of Electron Physics from 1951— 
1952, a Fellow of the AAAS, and treasurer of 
the American Association of Physics Teach- 
ers. He also served as secretary of the Gase- 
ous Electronics Conference Committee, 
1956-1957, and as a member of the AIEE 
Subcommittee on Electrical Properties of 
Gases during 1952-1955. 


S. C. Brown 


Herman N. Chait (A’55) was born in 
Boston, Mass., on February 15, 1924. He 
attended Northeastern University in Boston 
and transferred to 
Tufts College, Med- 
ford, Mass., where he 
obtained the B.S.E.E. 
degree in 1945. He 
has since done gradu- 
ate work at the Uni- 
versity of Mary- 
land. 

After serving for 
three years as an 
electronics technician 
in the U. S. Navy, 
Mr. Chait joined the 
Naval Research Laboratory, Washington, 
D. C., where he has done research and de- 
velopment work in the microwave region. 
He has also worked on the design of signal 
generators and test equipment. At present he 
is a member of the Microwave Antennas and 
Components Branch at NRL, doing research 
on antennas and microwave applications of 
ferrites, 

Mr. Chait is a member of RESA and co- 
holder of the first Microwave Prize of the 
PGMTT. 


H. N. CuaitT 
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J. F. Cline (A’43-SM’47) was born on 
June 19, 1917, in Cadillac, Mich. He re- 
ceived the B.S.E., M.S., and Ph.D. degrees 
in electrical engineer- 
ing from the Univer- 
sity of Michigan, 
Ann Arbor, in 1938, 
1941, and 1950, re- 
spectively, and was 
employed in both the 
Engineering Re- 
search Institute and 
the Department of 
Electrical Engineer- 
ing of that university 
from 1942 to 1957. 

He was appointed 
assistant professor in 1950. During the sum- 
mer of 1952 he was employed as research 
engineer in the Physical Research Unit of 
Boeing Airplane Company. While on leave 
from the university for the academic year 
1953-1954, he was employed as design 
specialist in the antenna laboratory of the 
Long Beach plant of the Douglas Aircraft 
Company. During the summer of 1956, he 
was employed as research physicist at 
Hughes Research and Development Lab- 
oratories. Since February, 1957, he has been 
employed as senior research engineer in the 
Electromagnetics Laboratory of Stanford 
Research Institute, Menlo Park, Calif. 

Dr. Cline is a member of AIEE, Eta 
Kappa Nu, and Sigma Xi. 


JeR Cringe 


S. B. Cohn, for photograph and biogra- 
phy, please see page 242 of the April, 1958, 
issue of these TRANSACTIONS. 


Paul D. Coleman (A’46-M’56) was born 
in Stoystown, Pa., on June 4, 1918. He re- 
ceived the B.A. degree from Susquehanna 
University, Selins- 
grove, Pa., in Janu- 
ary, 1940, the M.S. 
degree in physics 
from Pennsylvania 
State University in 
1942, and the Ph.D. 
degree in physics 
from Massachusetts 
Institute of Technol- 
ogy in 1951. 

Mr. Coleman was 
employed as a physi- 
cist with the Signal 
Corps, later Air Corps WADC, Dayton, 
Ohio, from May, 1942, to September, 1946. 
During this period he was engaged in work 
on electromagnetic theory, and received the 
Air Force Meritorious Civilian Award in 
1946 for his contribution to aircraft antenna 
theory. 

From 1946 to 1951, he was concurrently 
a physicist with the Air Force Cambridge 
Research Center and a research associate in 
physics in the Research Laboratory of Elec- 


P. D. CoLEM AN 


tronics at M.I.T., where he was concerned 
with the generation of submillimeter waves. 

In 1951 Mr. Coleman became an associ- 
ate professor in electrical engineering at the 
University of Illinois, where he established 
the Ultramicrowave Group in the Electrical 
Engineering Research Laboratory. He is 
presently a Professor on the Graduate Elec- 
trical Engineering staff, directing research 
on submillimeter wave generation. 

He is a member of the American Physical 
Society, Sigma Xi, and Pi Mu Epsilon. 


L. B. Felsen was born in Munich, Ger- 
many, on May 7, 1924. He entered the 
United States in 1940, and during World 
War II wasconcerned 
with work on elec- 
tronic ballistic cali- 
bration devices in the 
U. S. Army. He re- 
ceived the B.E.E., 
M.E.E., and D.E.E. 
degrees from the 
Polytechnic Institute 
of Brooklyn, N. Y., 
in 1948, 1949, and 
1952, respectively. 

Since 1948, he has 
been employed at the 
Microwave Research Institute of the Poly- 
technic Institute of Brooklyn and presently 
holds the position of research associate 
professor. His work has been concerned 
chiefly with electromagnetic diffraction 
problems and microwave circuit and meas- 
urement techniques. 

Dr. Felsen is a member of Eta Kappa 
Nu, Tau Beta Pi, Sigma Xi, and USA Com- 
mission 6 of URSI. 


L. B. FELSEN 


2, 
*o 


Dominic A. Fleri was born in Brooklyn, 
N. Y., on November 8, 1931. He received the 
B.S. degree in physics from the Polytechnic 
Institute of Brook- 
lyn, Brooklyn, N. Y. 
in 1953, and the M.S. 
degree in physics 
from New York Uni- 
versity in June, 1958. 
He joined the Sperry 
Gyroscope Company 
in Great Neck, N. Y., 
in June, 1953 but was 
called to active duty 
with the U. S. Army 
Signal Corps in Feb- 
ruary, 1954. During 
his two-year military service he was assigned 
primarily as an electronics instructor at the 
Signal School, Fort Monmouth, N. Je 

He returned to Sperry in January, 1956, 
and since then he has been engaged in micro- 
wave applications in the Microwave Circuits 
Section of the Microwave Electronics De- 
partment, Great Neck, N. Y. 


D. A. FLERY 


| 
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Gerard L. Hanley was born in Brooklyn: | 
N. Y., on August 9, 1930. He received the 
B.S. degree in electrical engineering from the | 
University of Notre 
oo - Dame, South Bend, | 
- Ind., in 1952. From 
1952 to 1954 he was 
employed by the 
Sperry | Gyroscope 
Company in the Mi- 
crowave Antenna and 
Component Develop- 
ment Department in 
Great Neck, N. Y. 
After two years of 
service in the U. S. 
Army, he returned | 
to Sperry to work with the same group. In 
June, 1957, Polytechnic Institute of Brook- 
lyn, Brooklyn, N. Y. awarded him the 
M.E.E. degree. 


G. L. HANLEY 
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Hubert Heffner (S’49-A’52-SM’56) was 
born in Lincolnton, N. C., on December 26, 
1924. He received the B.S. degree in physics 
in 1947 and the M.S. 
and Ph.D. degrees in 
electrical engineering 
in 1949 and 1952, re- 
spectively, from 
Stanford University, 
Stanford, Calif. From 
1949 to 1951, he was 
a predoctoral fellow 


of the Atomic Energy 
Commission. 
During World 


H. HEFFNER 


War II he served in 
the U. S. Army Sig- 
nal Corps, and was in charge of several 
microwave relay stations in Germany. From 
1952-1954, Dr. Heffner was on the technical 
staff of Bell Telephone Laboratories, where 
he was engaged in vacuum-tube research. 
Since 1954, he has been on the faculty of 
Stanford University, and is now associate 
professor of electrical engineering. 

Dr. Heffner is a member of Phi Beta 
Kappa, Sigma Xi, and the American Phys- 
ical Society. 
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Robert M. Hill was born on September 
20, 1926, in New York, N. Y. He received 
the B.A. degree in physics from Cornell 
University, Ithaca, 
N. Y., in 1949, and 
the Ph.D. degree in 
1953 from Duke Uni- 
versity, Durham, 
N.C., where he was 
successively a teach- 
ing assistant, re- 
search fellow, and re- 
search associate. 

He served with 
the U. S. Army asa 
radio technician from 


RoUMa non 
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1943 to 1945. He joined Sylvania Electric 
Products, Inc., in 1953, and is presently 
head of the Research Department at the 
Microwave Physics Laboratory, Mountain 
View, Calif. 

Dr. Hill is a member of Sigma Pi Sigma, 
Sigma Xi, and the American Physical 
Society. 


Charles M. Johnson was born in Nash- 
ville, Tenn., on May 31, 1923. He received 
the B.E. degree in civil engineering from 
Vanderbilt Univer- 
sity in Nashville in 
1944, and was em- 
ployed as a_struc- 
tural engineer until 
1948, when he re- 
turned to graduate 
school at Duke Uni- 
versity in Durham, 
N. C. He received the 
Ph.D. degree in 
physics in 1951 for 
microwave spectros- 
copy research in the 


C. M. JoHNSON 


millimeter region. 

From July, 1951, until October, 1956, he 
was a staff member of the Radiation Labora- 
tory of The Johns Hopkins University, 
Baltimore, Md., as research associate until 
1953 and research scientist until 1956. Since 
then he has been research manager of the 
microwave and infrared sections of Elec- 
tronic Communications, Inc., Timonium, 
Md. 

Dr. Johnson is a member of the American 
Physical Society and Sigma Xi. 
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E. M. T. Jones, for photograph and 
biography, please see p. 458 of the October, 
1958, issue of these TRANSACTIONS. 


Walter K. Kahn (S’50-A’51—M’56) was 
born on March 24, 1929, in Mannheim, 
Germany, and came to the United States in 

1938. He completed 

S his undergraduate 

studies at the Cooper 

Union School of En- 

gineering, New York, 

N. Y., receiving the 

bachelor’s degree in 

electrical engineering 
in 1951. 

Upon graduation, 
Mr. Kahn was em- 
ployed at the Wheeler 
Laboratories, New 
York, where he 
worked on microwave radar system de- 


W. K. Kann 
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velopment. Concurrently he engaged in 
graduate study at the Polytechnic Institute 
of Brooklyn, N. Y., receiving the master’s 
degree in electrical engineering in 1954. 
At that time he joined the staff of the 
Microwave Research Institute of the Poly- 
technic Institute of Brooklyn, where he is 
presently studying general diffraction theory 
and propagation in multimode waveguides. 
Mr. Kahn is a member of Sigma Xi. 


R. H. Kingston (S’48—A’52—SM’58) was 
born in Somerville, Mass., on February 13, 
1928. He received the B.S. and M.S. degrees 
in electrical engineer- 
ing from the Massa- 
chusetts Institute of 
Technology, Cam- 
bridge, in 1948. 
Under the co-opera- 
tive plan in electrical 
engineering during 
the years 1945 to 
1948, he worked at 
the Philco Corpora- 
tion on component 
testing, radar system 
design, and frequency 
modulation and circuit theory. In June, 
1951 he received the Ph.D. degree in physics 
from M.I.T., where his major field was the 
physics of solids. 

He joined the staff of the Lincoln Lab- 
oratory at M.I.T. at this time, where he 
has been engaged in solid-state device re- 
search and development. From September, 
1951 to September, 1952, on leave of ab- 
sence from the Lincoln Laboratory, he was 
a member of the technical staff at Bell 
Telephone Laboratories in Murray Hill, 
N. J. He edited the book, “Semiconductor 
Surface Physics.” 

Dr. Kingston is a member of Tau Beta 
Pi and Sigma Xi, and a Fellow of the 
American Physical Society. 


R. H. KINGSTON 


°, 
'e 


Herbert Kirschbaum (A’55) was born in 
Cleveland, Ohio, on February 6, 1920. He 
received the B.S. degree in 1942 from 
Cooper Union, New 
York, N. Y., there- 
after entering the 
employ of the Wes- 
tinghouse _—_ Electric 
Corporation. He re- 
ceived the M.S. de- 
gree from the Univer- 
sity of Pittsburgh, 
Pennsylvania, under 
the Pitt-Westing- 
house cooperative 
plan, in 1946. In the 


H. KirscHBAUM 


183 


same year he joined the staff of The Ohio 
State University to teach and do research 
on pulse transformers. 

During 1952-1953, he took a leave of 
absence from The Ohio State University to 
complete requirements for the Ph.D. degree 
at the Carnegie Institute of Technology, 
Pittsburgh, Pa. Upon returning to The Ohio 
State University, in addition to teaching, 
he was affiliated with the Antenna Labora- 
tory of The University. He left Ohio State 
in September, 1957, to join the Systems 
Engineering Division of Battelle Memorial 
Institute, Columbus, Ohio, where he is cur- 
rently engaged in research on servo systems. 

Dr. Kirschbaum is a member of Eta 
Kappa Nu and Sigma Xi. 


Lawrence Levey (S’52—-M’56) was born 
in Brooklyn, N. Y., on March 23, 1930. 
He received the B.E.E. degree in 1952 and 
the M.E.E. degree 
in 1953 from the 
Polytechnic Institute 
of Brooklyn, N. Y., 
where he currently is 
continuing his gradu- 
ate studies. 

In 1952-1953 Mr. 
Levey held a research 
fellowship at the Mi- 
crowave Research In- 
stitute of the Poly- 
technic Institute of 
Brooklyn. Since then 
he has been employed at the Institute 
presently in the capacity of research asso- 
ciate. 

His work has been concerned chiefly 
with the development of microwave power 
standards, multimode measurement tech- 
niques, and ferrite components. 

Mr. Levey is a member of Eta Kappa 
Nu and Sigma Xi. 


L. LEVEY 


David J. Lewis was born in Denver 
Colo., on March 16, 1930. He received the 
B.S. degree in electrical engineering from 
Massachusetts Insti- 
tute of Technology, 
Cambridge, Mass., in 
1955 and the MS. 
degree from the Uni- 
versity of Pennsyl- 
vania, Philadelphia, 
Pas ino Sime vite 
Lewis has been em- 
ployed as a research 
assistant and instruc- 
tor by the University 
of Pennsylvania since 
1955. He is currently 
engaged in radar interference problems. 


D. J. Lewis 
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Richard S. Mangiaracina was born on 
August 31, 1931, in Brooklyn, N. Y. He re- 
ceived the B.S, degree in physics from the 
Polytechnic Institute 
of Brooklyn in 1953. 
He worked for the 
Sylvania Electric 
Products Company 
and then served two 
years with the U. S. 
Army as an instruc- 
tor in electronics. 

In 1956, he be- 
came affiliated with 
the Sperry Gyro- 
scope Company’s Mi- 
crowave Electronics 
Division in Great Neck, N. Y. In August, 
1958, he became a research assistant in phys- 
ics at the University of Buffalo. 


7 Be 
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Jack L. Melchor (SM’56) was born on 
July 6, 1925, in Mooresville, N. C. He re- 
ceived the B.S. and M.S. degrees in physics 
from the University 
of North Carolina in 
Chapel Hill. His un- 
dergraduate studies 
were interrupted by 
military service in 
the U. S. Navy. In 
1949 he worked as a 
civilian physicist with 
the U.S. Navy Mine 
Countermeasures Sta- 
tion. 

While attending 
the University of 
Notre Dame, South Bend, Ind., in 1950 he 
was a U.S. Rubber Company Fellow in high 
polymer physics. In 1952 and 1953 he 
worked with the Missile Division of Bendix 
Aviation Corporation, and received the 
Ph.D. degree from Notre Dame in 1953. He 
then joined the Electronic Defense Labora- 
tory of Sylvania Electric Products, Inc., 
Mountain View, Calif., where he was en- 
gaged in ferrite research at microwave fre- 
quencies, 

In 1956 Dr. Melchor left Sylvania to 
form Microwave Engineering Laboratories, 
Inc., Palo Alto, Calif. He is president of the 
organization and does research and de- 
velopment on microwave components and 
systems. He is a member of Sigma Xi and 
RESA. 


J. L. MELcHoR 


F. R. Morgenthaler, for a photograph 
and biography, please see page 243 of the 
April, 1958, issue of these TRANSACTIONS. 
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Francis J. O’Hara (A’55) was born on 
April 9, 1930, in Cambridge, Mass. He re- 
ceived the B.S. degree in physics in 1951 
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from Boston College, Newton, Mass. He 
subsequently studied at Harvard Univer- 
sity, Cambridge, Mass., and at North- 
eastern University, 
Boston, Mass., and 
was awarded the M.S. 
degree in communi- 
cations by the latter 
university in 1958. 

In 1953, he joined 
the engineering staff 
of Microwave Associ- 
ates, Inc., where he 
performed product 
development work on 
TR tubes. Since 1955 
he has been a mem- 
ber of a development group for microwave 
ferrite devices at the Raytheon Manufactur- 
ing Company, Waltham, Mass. 
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Arthur A. Oliner (M’47-SM’52) was 
born in Shanghai, China, on March 5, 1921. 
He received the B.A. degree from Brooklyn 
College, N. Y., in 
1941 and the Ph.D. 
degree in physics 
from Cornell Univer- 
sity, Ithaca, N. Y., 
in 1946. From 1941 
to 1944 he was a 
graduate teaching as- 
sistant in the physics 
department. He par- 
; ticipated in an Office 

of Scientific Research 
A. A. OLINER and Development 

project at Cornell 
University from 1944 to 1945, 

Since 1946 Dr. Oliner has been with the 
Microwave Research Institute of the Poly- 
technic Institute of Brooklyn, N. Y., where 
he has been engaged in research on a variety 
of topics in the microwave field. While on a 
leave of absence he spent the summer of 
1952 at the Microwave Laboratory of 
Hughes Aircraft Company, Culver City, 
Calif. He has also taught graduate courses 
in physics and electrical engineering, and is 
a research associate professor at Brooklyn 
Polytechnic. 

He is a member of the American Phys- 
ical Society and Sigma Xi. He is also a 
member of the IRE Committee on Antennas 
and Waveguides, and the Administrative 
Committee of the PGMTT, 
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Vernon G. Price (S’48-M’52) was born 
in Salt Lake City, Utah, on October 1S: 
1924, He received the B.S. and M.S. degrees 
in electrical engineer- 
ing in 1948 and 1949, 
respectively, from the 
University of Utah. 

After being em- 
ployed for one year 
by the Utah State 
Engineering Experi- 
ment Station on a 
Navy project study- 
ing high voltage 
breakdown in piezo- 
electric crystals, he 


V. G. PrIcE 
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then joined the underwater sound staff at 
the Navy Electronics Laboratory. In 1955 
Mr. Price joined the General Electric Micro- 
wave Laboratory, where he has been work- 
ing on measurement and control of harmonic 
and spurious microwave energy. 


Walter Rotman (A’49-M’53) was born 
in St. Louis, Mo., on August 24, 1922. He re- 
ceived the B.S. and M.S. degrees from 
Massachusetts Insti- 
tute of Technology 
in 1947 and 1948. 
From 1942 to 1945, 
he served in the Air 
Force, working on 
radar equipment. 
During his student 
career he worked as 
a research assistant 
in the Research Lab- 
oratory of Electron- 
ics at M.I.T. 

In 1948, Mr. Rot- 
man joined the Airborne Antenna Group of 
the Air Force Cambridge Research Center, 
where he is now engaged in antenna research. 
His fields of interest include progressive 
wave antennas, microwave optical systems, 
and missile antennas. 

Mr. Rotman is a member of RESA and 
Sigma Xi. 


W. RoTMAN 


Nicholas G. Sakiotis (S’48—A’50-M’55) 
was born in Lakeland, Fla., on March 5, 
1928. He received the B.E.E. degree from 
the College of the 
City of New York 
in 1950. 


After working 
with the Glenn L. 
Martin Company 


and the Marine Ra- 
dar Design Branch 
of the Bureau of 
Ships, Mr. Sakiotis 
joined the Antenna 
Research Branch of 
the Naval Research 
Laboratory, Wash- 
ington, D. C., in 1951. While with the Labo- 
ratory, he has investigated figure-of-revolu- 
tion scanners and is at present engaged in 
making a study of the microwave properties 
of the ferrite materials. 

He is a co-holder of the first Microwave 
Prize of the PGMTT. 


N. G. Saxiotis 


Howard Scharfman (S’47—A’50-—M’55) 
was born in New York, N. Y., on December 
27, 1924. He served with the U. S. Signal 
Corps, working on radar and pulse modula- 
tion equipment, from 1943-1946, He re- 
ceived the B.S.E.E. degree in 1947 from New 
York University and the M.S.E.E. degree 
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in 1948 from Northwestern University. 

After working at the Kew Gardens, N. Y., 
plant of the Sylvania Electric Company dur- 
ing the summer of 
1948, he taught un- 
dergraduate electrical 
engineering and con- 
tinued his graduate 
studies at the Poly- 
technic Institute of 
Brooklyn until 1950. 
He then joined the 
Antenna Section of 
the Seattle, Wash., 
division of the Boeing 
Airplane Company, 
where he did research 
and development on receivers, antenna pat- 
tern ranges, and aircraft antennas. 

From 1951-1954, he was at the Radia- 
tion Laboratory of The Johns Hopkins Uni- 
versity, Institute for Cooperative Research, 
where he worked on VHF and UHF circuits 
and microwave scattering problems while 
completing graduate studies for the D.S.E.E. 
degree in electrical engineering. 

In 1954 he became affiliated with the 
Missile and Radar Division of the Raytheon 
Manufacturing Company, Waltham, Mass., 
as head of the microwave ferrite section. 
Since January, 1957, he has been manager 
of the Special Microwave Device Group, 
which is engaged in research, development, 
and production of ferrite materials and de- 
vices for commercial sale. 

Dr. Scharfman is a member of Eta 
Kappa Nu and Sigma Xi. 


H. SCHARFMAN 
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B. M. Schiffman, for a photograph and 
biography, please see page 244 of the April, 
1958, issue of these TRANSACTIONS. 


J. K. Shimizu, for photograph and biog- 
raphy, please see page 459 of the October, 
1958, issue of these TRANSACTIONS. 


Ernest Stern (S’55-M’56) was born on 
June 5, 1928, in Wetter, Germany. He served 
as an electronics technician with the U. S. 
Navy during 1946 
and 1947. He re- 
ceived the B.S. de- 
gree in engineering 
from Columbia Uni- 
versity, New York, 
IN@_-Ye, in 11953 rand 
completed studies for 
the M.S, degree at 
Cornell University, 
[thaca, Ney 1m 
1955. From 1953 to 
1955 he was a re- 


E. STERN 
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search assistant in the Radio Astronomy 
Laboratory at Cornell University. 

In 1955 he joined the engineering staff of 
the Sperry Gyroscope Company, Great 
Neck, N. Y., where he performed experi- 
mental studies on the nonlinear microwave 
properties of ferrites at high microwave 
power levels. His current activities involve 
the evaluation and design of solid-state 
microwave amplifiers. 
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Sidney J. Tetenbaum (S’47—A’53) was 
born on August 30, 1922, in the Bronx, N. Y. 
He received the B.S. degree in mathematics 
from the City Col- 
lege of New York in 
1943, the master’s 
degree in electrical 
engineering from 
New York Univer- 
sity in 1948, and the 
Ph.D. degree in 
physics from Yale 
University, New Ha- 
ven, Conn., in 1952. 

He served with 
the U. S. Army Sig- 
nal Corps from 1943 
to 1946. From 1946 to 1948 he was employed 
as a scientific investigator on the Panel on 
Electron Tubes of the Research and De- 
velopment Board. He was a research engi- 
neer with Varian Associates, Palo Alto, 
Calif., during 1952 to 1954. 

He then joined Sylvania Electric Prod- 
ucts, Inc., and is presently a project leader 
at the Microwave Physics Laboratory, 
Mountain View, Calif. 

Dr. Tetenbaum is a member of Phi Beta 
Kappa, Sigma Xi, and the American Physi- 
cal Society. 


S. J. TETENBAUM 


Eugene N. Torgow (S’48-A’49-SM’54) 

was born on November 26, 1925 in New 
York, N. Y. He received the B.E.E. degree 
from the Cooper Un- 
ion School of Engi- 
neering, New York, 
N. Y., in 1946, and 
the M.E.E. degree at 
the Polytechnic In- 
stitute of Brooklyn, 
Brooklyn, N. Y., in 
1949, 
During 1946-47, 
sd he served with the 
a U.S. Army Air Force, 
doing radar repair 
and maintenance in 
the Pacific Theater. In 1948, he joined the 
staff of the Microwave Research Institute of 
the Polytechnic Institute of Brooklyn, 
where he worked on research and develop- 
ment of microwave attenuators and power 
measuring devices. From 1951 to 1953, he 
established and supervised a microwave 
laboratory at the Allen B. DuMont Lab- 
oratories, East Paterson, N. J. 


E. N. Torcow 
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In 1953, Mr. Torgow returned to the 
Microwave Research Institute and since 
then has been engaged in strip line and 
waveguide filter development. He became 
leader of the Component Research Section 
in 1957. 

Mr. Torgow is a member of Sigma Xi 
and AIEE. 


Raphael Tsu was born on December 27, 
1932, in Shanghai, China. He received the 
B.E.E. degree from the University of Day- 
ton, Ohio, in 1956, 
and the M.S. degree 
from The Ohio State 
University in Colum- 
bus in 1957. 

He came to this 
country in January, 
1953. From then un- 
til January, 1956, he 
did research on elec- 
tronic tubes at the 
University of Day- 

R. Tsu ton. While still a 
candidate for the 
B.E.E. degree he instructed laboratory 
courses at the University. From February, 
1956 to September, 1956, he was a research 
assistant at the Nuclear Research Center of 
Carnegie Institute of Technology, Pitts- 
burgh, Pa., where he was a graduate student 
in physics. Since 1956 he has been employed 
by the Antenna Laboratory at The Ohio 
State University, and is currently working 
toward the Ph.D. degree. 

Mr. Tsu is a member of Sigma Xi and 

Pi Mu Epsilon. 


Lauren P. Tuttle, Jr. (S’56) was born 
in Bloomfield, N. J., on June 21, 1931. He 
attended the University of Chattanooga, 
Tenn., and received 
the B.S. degree in 
electrical engineering 
at the University of 
Florida in Gainesville 
in 1957. While in 
college, Mr. Tuttle 
worked two years as 
student assistant at 
the Severe Weather 
Radar Laboratory of 
the University of 
Florida; there he en- 
gaged in the radar 
tracking of hurricanes and unusually severe 
weather. 

During the Korean conflict he served as 
leading division petty officer on the USS 
Boxer in charge of shipboard electronics 
systems. 

Since graduation he has been in the 
Antenna Laboratory of Melpar, Inc., Falls 
Church, Va., working on the development 
of strip-transmission-line circuits. 

Mr. Tuttle was a student member of the 
AIEE. 
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George S. Uebele (M’56) was born on 
January 28, 1930, in San Francisco, Calif. 
In 1952, he received the B.S. degree in engi- 
neering from the 
University of Cali- 
fornia at Berkeley. 
He joined the tech- 
nical staff at Hughes 


Aircraft Company 
and was awarded 
a Hughes Aircraft 


scholarship to the 
University of South- 
ern California, where 
he received the M.S. 
degree in engineering 
in 1954, 

Since 1952, he has been concerned with 
the development of microwave components, 
especially ferrite devices. He is now head of 
the component development group, circuits 
section, Microwave Engineering Depart- 
ment, Microwave Laboratory. 

Mr. Uebele is a member of Tau Beta Pi 
and Eta Kappa Nu. 


G. S. UEBELE 
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Perry H. Vartanian, Jr. (S’52-M’56— 
SM’56), for a photograph and biography, 
please see pages 244-245 of the April, 1958, 
issue of these TRANSACTIONS. 


Robert D. Wanselow (S’52—M’55) was 
born on June 21, 1930, in Mineola, N. Y. 
He received the B.A. and B.S.E.E. degrees 
in 1953 and the 
M.S.E.E. degree in 
1955, all from’ Co- 
lumbia University, 
New York, N. Y., 
and was a graduate 
assistant there in the 
engineering school 
while working for his 
advanced degree. 

Tie 1955 Mr, 
Wanselow joined the 
Hughes Aircraft 
Company, Culver 
City, Calif. As a research engineer he in- 
structed engineers on Hughes’ latest fire 
control systems and performed evaluation 
and maintenance studies on a surveillance 
radar system. 

Since 1957, when he joined Melpar, Inc., 
Falls Church, Va., as a senior engineer, he 
has been engaged in research and develop- 
ment work on electronic countermeasures 
systems. At present he is working on the de- 
sign and development of antennas and mic- 
rowave components in the Melpar Antenna 
Laboratory. 

Mr. Wanselow was a student member of 
the AIEE. 


R. D. WaNsELOw 
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Harold A. Wheeler (A’27-—M’28-F’35) 
was born in St. Paul, Minn., on May 10, 
1903. He received the B.S. degree in physics 
from George Wash- 
ington University, 
Washington, D. C., 
in 1925 and did post- 
graduate studies in 
physics at The Johns 
Hopkins University, 
Baltimore, Md., un- 
til 1928. 

He was employed 
by the Hazeltine 
Corporation from 
1924 to 1945, ad- 
vancing to vice-presi- 
dent and chief consulting engineer. Since 
1946, he has engaged in independent work 
as a consulting radio physicist, and since 
1947, his principal occupation has been as 
President of Wheeler Laboratories, Inc. In 
this capacity, he is directing the Great Neck 
and Smithtown laboratories, specializing in 
microwaves and antennas. 

His specialization in frequency-selective 
networks dates back to a college thesis on 
“wave filter determinants,” published in 
1928. Subsequent work on wideband ampli- 
fiers for television was presented in IRE 
papers, which were recognized by the Morris 
N. Liebman Memorial Prize in 1940. 
“Wheeler Monographs,” Vol. I, is a collec- 
tion of postwar papers dealing mostly with 
special topics in network theory. 

Mr. Wheeler has served the IRE in such 
positions as Director (1934, 1940-1945), 
chairman of the Standards Committee, and 
chairman of the Long Island Section. He is 
a Fellow of the AIEE and Radio Club of 
America, Associate Member of IEE, and 
member of Sigma Xi and Tau Beta Pi. 
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Robert G. Williams, Captain, USMC, 
(S’52—A’53-M’58) was born on June 30, 
1931, in Brooklyn, N. Y. He received the 
B.S.E.E. degree in 
1953 from the Uni- 
versity of Colorado 
in Boulder. He then 
was commissioned a 
second lieutenant in 
the U. S. Marine 
Corps. 

After attending 
Basic School and the 
Communication Of- 
ficer’s School, Quan- 
tico, Va., he served 
with the Communi- 
cation Company, Third Marine Division, 
in Japan until July, 1955. 

Following his overseas duty, he entered 
the U. S. Naval Postgraduate School, 
Monterey, Calif., and received the M.S. 
degree in electronic engineering in 1958. 
Presently, he is assistant project officer, 
Marine Aviation Detachment, at the Naval 
Air Missile Test Center, Point Mugu, Calif. 

Capt. Williams is a member of Eta 
Kappa Nu and Sigma Tau. 


R. G. WILLIAMS 


January 


James C. Wiltse (S’48—A’53) was born 
on March 16, 1926, in Tannersville, N. Y. 
He received the B.E.E. degree in 1946 from 
Rensselaer Polytech- 
nic Institute, Troy, 
N. Y. After one year 
of shipboard duty as 
an electronics officer 
in the U. S. Navy he 
was employed by 
the General Electric 
Company for about 
a year. From 1948 to 
1951 he taught in the 
department of elec- 
trical engineering 
at Rensselaer. Mr. 
Wiltse also continued his graduate studies 
there and completed the requirements for 
the M.E.E. degree in 1951. 

From then until 1958 he was associated 
with The Johns Hopkins University, most 
recently as a member of the staff of the 
Radiation Laboratory. He concurrently 
completed studying for the Doctor of Engi-' 
neering degree at Johns Hopkins. At the 
present time he is employed by Electronic 
Communications, Inc., of Timonium, Md. 

He is a member of Sigma Xi, Tau Beta 
Pi, and Eta Kappa Nu. 


J. C. WILTSE 


Leo Young (M’54-SM’57) was born in 
Vienna, Austria, on August 18, 1926. After 
winning a scholarship from St. John’s Col- 
lege, Cambridge, 
England, he obtained 
the B.A. degree with 
honors in mathemat- 
ics in 1945 and the 
B.A. degree in phys- 
ics with honors in 
1947. He received 
the M.A. degree from 
Cambridge Univer- 
sity in 1950. 

He was an engi- 
neer with A. C. Cos- 
sor, Ltd., London, 
from 1948 to 1951. From then until 1953 he 
was associated with Decca Radar, Ltd., as 
head of the Microwave and Antenna Labo- 
ratory. 

He came to the United States in 1953 
and joined the Westinghouse Electric Cor- 
poration, Baltimore, Md., where he is pres- 
ently a fellow engineer in the Electronics 
Division. 

He was awarded the M.S, degree in elec- 
trical engineering by The Johns Hopkins 
University in 1956. He won the Westing- 
house Corporation’s B. G. Lamme Scholar- 
ship for 1958, and is using it for one year of 
graduate studies at Johns Hopkins before 
returning to Westinghouse. 

Mr. Young, a registered professional 
engineer in Maryland, is a member of Sigma 
Xi and the American Institute of Electrical 
Engineers, and an associate member of the 
Institution of Electrical Engineers. 
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_e The Hughes Research and 
Development Laboratories are 
engaged in basic and applied 
research and development pro- 
grams in a wide variety of fields, 

including antennas, radomes, 
microwave and storage tubes, 
masers, ferrite devices, micro- 
wave circuitry, instrumentation, 
and other fields. 


One of the several interesting 
problems is the design of feed- 
back loops for locking the local 
oscillator klystron to an availa- 
ble reference signal. The re- 
quirements —good stability and 
low noise in a very trying en- 
vironment. 


Your inquiry is invited. _ 


MICROWAVE 
ENGINEERS 


Stanford Research Institute offers 
unique and professionally challenging 
employment in the advancement of 
microwave theory and techniques. 


Attractive salaries for experienced 
professional personnel with degrees 
in Electrical Engineering or Physics 
to participate in research involving: 


¢ MICROWAVE FILTERS and 
STRIP-LINE COMPONENTS 


¢ PARAMETRIC AMPLIFIERS 
e FERRITE DEVICES 
e MICROWAVE ANTENNAS 


Write to: 
Professional Employment Manager 


STANFORD 
RESEARCH 
INSTITUTE 


Menlo Park, California 


NOTICE TO 
ADVERTISERS 


Effective immediately 
the IRE TRANSAC- 
TIONS ON MICRO- 
WAVE THEORY AND 
TECHNIQUES will ac- 
cept display advertising. 
For full details contact 
Tore N. Anderson, Ad- 
vertising Editor, PGMTT 
TRANSACTIONS, 1539 
Deer Path, Mountainside, 
N.J. 


metal film 


MICROWAVE 
RESISTORS 


Highly stable—low temperature 
coefficient —resistance film negligibly 
thin even at highest microwave 
frequencies —tinned electrodes 
solder directly into RF circuit. 


MICROWAVE RESISTORS— 
Metal film fused to PYREX 
base, sealed with micro-thin 

coating of Quartz. Tinned 
electrodes. Bulletin M-1 


COAXIAL ATTENUATOR @® ~~ g@ 


ELEMENTS for % inch to goat 
largest line size. Solder or — 
pressure mount. Standard and 
Custom sizes. Bulletin L-1 } & 


METALLIZED GLASS 
RECTANGULAR 
ATTENUATOR ELEMENTS 
—Standard plates available 
for L thru K band. Metallized 
eyelet for solder mounting, 

or drilled holes. Bulletin A-1 


FILMOHM RESISTANCE 
CARD-—Micro-thin metal 
resistance film deposited on 
high temperature fibre glass 
plastic sheet. Electrically 
uniform film, dimensionally 
stable, simple to fabricate. 
Available from 25 to 750 ohms 
per square, and .025, .032, 

or .062 thick. Bulletin P-2 


FILMOHM METALLIZED 
p MICA —Micro-thin metal 


resistance film deposited 


mi 
: specially surfaced natural 


BS 
{ / mica. Use as rotary and 
° guillotine attenuator elements 
i and loads. Ideal for mm 
g frequencies and in stripline. 
' Available in large uncut sheets 
. or fabricated parts, .001 to 
.005 thick, 25 to 400 ohms per 
square. Bulletin C-1 


STRIP LINE RESISTORS — 
Thin mica base metal film 
resistor as thick as the copper 
strip line, cement directly on 
the plastic base into strip 
line circuit. Used as pads, 
attenuators, and loads. 
Width, length, and thickness 
as required. Bulletin SL-1 


HIGH POWER COAXIAL 
LOAD RESISTORS — Metal 
film tubular glass resistors 
suitable for air, oil, or water 
cooling. Used as dummy loads, 
damping, and terminations. 
Non-inductive, films are not 
spiraled or striped. Standard 
and custom sizes up to 4 feet 
long. Bulletin HP-1 


CERAMIC FILM RESISTORS 
— Metal Resistance Film on 


Ceramic Base. Highly stable 

dise resistor, mechanically 
strong, LOW COST. Tinned © 
or silver electrodes for 


pressure mounting. 
Bulletin CD-1 


()1LMOHM 


COR: POL R.A ek OIN 


48 West 25th Street 
New York 10, N. Y. 
WaAtkins 4-3244 


ULTRAMIGROWAV 
_ EQUIPMENT BY, 


__ wit works—its accurate -1 


These millimeter wave units can greatly enlarge 
your scope of microwave activity. Research pre- 
viously considered impractical at 140 KMC can 
now be carried on successfully. 


De Mornay-Bonardi manufactures cavity wave- 
meters, crystal multipliers, crystal mounts, 
K-H tuners, and standing wave detectors speci- 
fically for use at 140 KMC. They work — we’ve 
been using these units effectively in our own 
laboratories for developing other items. These 
instruments are accurate—functionally as accu- 
rate as De Mornay-Bonardi equipment used at 
90 KMC. You can order these units now—we’re 
currently filling orders on 140 KMC instruments. 


STANDING WAVE DETECTORS 


CRYSTAL MOUNTS 


Write for complete data 


E-H TUNERS 


DE HORNAY 
® 
DE MORNAY-BONARDI 


780 SOUTH ARROYO PARKWAY * PASADENA, CALIF. 


*TRADE MARK DE MORNAY-BONARDI 


CAVITY WAVEMETERS 


INSTITUTIONAL LISTINGS 


The IRE Professional Group on Microwave Theory and Techniques is grateful for 
the assistance given by the firms listed below, and invites application for Institu- 


tional Listing from other firms interested in the Microwave field. 


AIRTRON, INC., 1101 W. Elizabeth Ave., Linden, N. J. 


Designers and Producers of Complete Line of Microwave, Electronic and Aircraft Components 


COLLINS RADIO CO., Cedar Rapids, lowa 


Complete Industrial Microwave, Communication, Navigation and Flight Control Systems 


MICROWAVE DEVELOPMENT LABS., INC., 92 Broad St., Babson Park 57, Mass. 
Designers, Developers and Producers of Microwave Components and Assemblies, 400 me to 70 kme 


SAGE LABORATORIES, INC., 159 Linden St., Wellesley 81, Mass. 


Microwave Engineering Specialists 


WEINSCHEL ENGINEERING CO., INC., Kensington, Md. 
Attenuation Standards, Coaxial Attenuators and Insertion Loss Test Sets 


WHEELER LABORATORIES, INC., 122 Cutter Mill Road, Great Neck, N. Y. 


Consulting Services, Research & Development, Microwave Antennas & Waveguide Components 


The charge for an Institutional Listing is $50.00 per issue or $140.00 for four con- 
secutive issues. Applications for Institutional Listings and checks (made out to the 
Institute of Radio Engineers) should be sent to Tore N. Anderson, PGMTT Advertis- 
ing Editor, 1539 Deer Path, Mountainside, NJ. 


NOTICE TO ADVERTISERS 


Effective immediately the IRE TRANSACTIONS ON MICROWAVE 


THEORY AND TECHNIQUES will accept display advertising. For full de- 
tails contact Tore N. Anderson, Advertising Editor, PGMTT TRANSAC- 


TIONS, 1539 Deer Path, Mountainside, N. J. 
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METER 


Model B811A 


PRECISION 
[' X R ine MICROWAVE 
9 e formerly F-R MACHINE WORKS, Inc. Sid as 8 


DESIGN e DEVELOPMENT. e MANUFACTURE MODULATORS 


MODULATORS 


RADAR 
COMPONENTS 


26-12 BOROUGH PLACE, WOODSIDE 77, N. Y. z 


TELEPHONE: AStoria 8-2800 ELECTRONIC 


TEST 
EQUIPMENT 


